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During development, neuroblasts undergo asymmetric division to give rise to 
a self-renewing neuroblast and a differentiating ganglion mother cell. Central to this 
process is atypical protein kinase C (aPKC), which mediates localized 
phosphorylation events to bring about cortical exclusion of cell fate determinants 
from the apical side of neuroblasts, facilitating their ultimate partitioning into the 
ganglion mother cell. Given the importance of aPKC in asymmetric division, this 
study aims to identify novel regulators of aPKC by a proteomic approach. Through 
tandem affinity purification coupled to mass spectrometry, we identified a previously 
uncharacterized protein, which we named Novel regulator of aPKC (Nora), as a 
potential aPKC-interacting partner. Here, we show that Nora forms a protein complex 
with aPKC in vivo, and that the two proteins are also found to interact directly in vitro. 
In addition, we observed co-expression of Nora and aPKC in neuroblasts, which 
suggests Nora can interact with and regulate aPKC in these cells. Indeed, we establish 
that Nora is required for proper localization and activity of aPKC, and that it 
promotes the basal targeting of cell fate determinant adaptor protein Miranda in an 
aPKC-dependent manner. Moreover, further investigation in this study reveals that 
the interaction of Nora with the N-terminus of aPKC is necessary for apical 
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1.1 Asymmetric cell division 
An asymmetric cell division is defined as any division in which the two 
daughter cells adopt distinct fates. These two daughter cells may be different in terms 
of size, morphology, gene expression pattern, or developmental potential (Horvitz 
and Herskowitz, 1992). While the process of asymmetric cell division was first 
described more than one century ago (Conklin, 1905), advances concerning its role 
and mechanism were only made in the last two decades. Asymmetric cell division is 
particularly relevant for stem cell biology, as it allows stem cells to achieve the 
remarkable task of simultaneously self-renewing and generating daughter cells that 
are committed to lineage-specific differentiation (Neumüller and Knoblich, 2009). As 
such, asymmetric cell division is fundamental to proper embryonic development and 
normal tissue homeostasis or remodeling in response to physiological change, and 
emerging evidence also suggests a causal link between defective asymmetric cell 
division and overproliferation / tumourigenesis (Caussinus and Gonzalez, 2005; 
Castellanos et al., 2008). 
A cell division can become asymmetric in two ways (Horvitz and 
Herskowitz, 1992). In intrinsically asymmetric cell divisions, regulators of self-
renewal and/or differentiation are distributed asymmetrically during mitosis so that 
these fate determinants are inherited by only one of the two daughter cells (Figure 1A) 
(Betschinger and Knoblich, 2004; Wang and Chia, 2005). Alternatively, the daughter 




through intercellular signaling (Figure 1B) (Li and Xie, 2005). The daughter cell that 
maintains contact with the niche will retain stem cell identity, while the one displaced 
away will initiate differentiation.  
 
Figure 1. Intrinsic and extrinsic mechanisms in asymmetric cell division. (A) 
Stem cells set up an axis of polarity and localize fate-determining factors 
asymmetrically during mitosis. Fate determinants promoting either self-renewal (red 
line) or differentiation (green line) are subsequently partitioned into the two daughter 
cells unequally, thus making the division asymmetrical. (B) Stem cells depend on 
signals coming from the surrounding niche for self-renewal. The positioning of the 
two daughter cells in distinct microenvironments leads to asymmetric fate choice. 





1.2 Drosophila neural precursor cells as a model system 
The mechanisms of asymmetric cell division have largely been derived from 
studies of invertebrates – specifically, Drosophila melanogaster and Caenorhabditis 
elegans (Doe and Bowerman, 2001). Due to their physical and genetic accessibility, 
Drosophila neural precursor cells provide an excellent model system for the 
investigation of fundamental aspects of asymmetry. The two types of neural precursor 
cells in Drosophila are the sensory organ precursor (SOP) cells and neuroblasts, 
which are progenitors of the peripheral and central nervous system respectively.  
Neuroblasts divide asymmetrically in a stem cell-like fashion to give rise to a 
self-renewing neuroblast and a differentiating ganglion mother cell that undergoes a 
terminal division to produce two neurons or glial cells. Neuroblasts are initially 
specified in the embryonic epithelium and undergo repeated rounds of asymmetric 
division to generate the simple nervous system of the larva. At the end of 
embryogenesis, neuroblasts enter quiescence and only resume proliferation during 
larval stages (reviewed in Maurange and Gould, 2005; Egger et al., 2007). Unlike 
embryonic neuroblasts, larval neuroblasts do not decrease in size with each division, 
enabling them to self-renew indefinitely (Ito and Hotta, 1992). For this reason, the 
field increasingly favors larval neuroblasts over embryonic neuroblasts as a model for 
the analysis of asymmetric cell division.   
There are several types of larval neuroblasts, which can be distinguished 
based on lineage and location within the central nervous system (Figure 2A). Unique 
markers also exist to allow their identification. In each of the two brain lobes, there 




subdivided into Type I or Type II neuroblasts. Type I neuroblasts divide 
asymmetrically into a neuroblast and a ganglion mother cell, while Type II 
neuroblasts, situated in the dorsoposterior region of each brain hemisphere, divide to 
give rise to an intermediate neural precursor, which continues to undergo self-
renewing asymmetric divisions (Figure 2B) (Bello et al., 2008; Boone and Doe, 2008; 
Bowman et al., 2008). In addition to central brain neuroblasts, there are specialized 
kinds of neuroblasts in the ventral nerve cord and optic lobes (Truman and Bate, 1988; 
Egger et al., 2007).    
On the other hand, SOP cells undergo three rounds of asymmetric divisions 
to generate the four different cells that make up an external sensory organ (Figure 3) 
(Roegiers et al., 2001; Bardin et al., 2004). First, the SOP cell divides into an anterior 
pIIb and a posterior pIIa cell. Next, the pIIb cell generates an apical pIIIb cell and a 
basal glial cell that migrates away and undergoes apoptosis. Finally, pIIa and pIIIb 
undergo a terminal division to form the two outer (hair and socket) and the two inner 
(neuron and sheath) cells of the sensory organ.  
While they are not stem cells, SOP cells share many characteristics with 
neuroblasts, including similarities in the molecular machinery used to generate 
asymmetry (Betschinger and Knoblich, 2004). Moreover, since external sensory 
organs are not essential for viability and cell fate transformations result in externally 
visible morphological changes, SOP cells are a convenient system to discover the 






Figure 2. Neurogenesis in the Drosophila larval brain. (A) The Drosophila third 
instar larval brain contains three main neurogenic regions: the optic lobe (OL), the 
central brain (CB), and the ventral nerve cord (VNC). Type I neuroblasts (cyan), 
which generate ganglion mother cells (yellow) that each produce two post-mitotic 
neurons, are found in all brain regions, while Type II neuroblasts (indigo), which give 
rise to transit-amplifying cells (red), are located in the dorsoposterior medial region. 
(B) Type I neuroblasts give rise to another neuroblast and a ganglion mother cell that 
terminally divides to produce two neurons, while Type II neuroblasts give rise to 
transit-amplifying intermediate neural precursor (INP) cells. (Adapted from 





Figure 3. Drosophila sensory organ precursor lineage. (A) The external sensory 
organ consists of two outer (hair and socket) and two inner (neuron and sheath) cells. 
(B) Sensory organ precursor (SOP) cells divide asymmetrically to generate the 
various cells of the external sensory organ. Note that the glial cell undergoes 




1.3 Asymmetric cell division in Drosophila 
The process of asymmetric cell division typically involves three steps. First, 
an axis of polarity is established in the cell. This polarity axis is then used for the 
asymmetric distribution of fate determinants and orientation of the mitotic spindle. 
Finally, spindle orientation and asymmetric localization are tightly coordinated to 
ensure fate determinants are segregated into only one of the two daughter cells.  
1.3.1 Setting up polarity 
During embryogenesis, neuroblasts delaminate from the ventral 
neuroectoderm, inheriting polarity from the polarized epithelial cells (Wodarz et al., 
2000) (Figure 4). Embryonic neuroblasts are polarized along the apical-basal axis 
such that the apical domain is closest to the neuroepithelium. This polarity is set up 
cell-autonomously rather than by extrinsic cues, as cultured neuroblasts polarize like 
those in situ (Siegrist and Doe, 2006). However, in the absence of external cues from 
the overlying neuroepithelium, the polarity axis no longer aligns along a single axis 





Figure 4. Polarity in Drosophila neuroblasts. Neuroblasts of the embryonic ventral 
nerve cord delaminate basally from the polarized neuroepithelium, inheriting polarity 
from the tissue from which they are derived. The Par complex (Baz-Par-6-aPKC) and 
Insc are both observed in the apical stalk of delaminating neuroblasts. After the 
neuroblast rounds up and loses the apical stalk, these proteins form crescents at the 
apical cortex. The Pins complex (Pins-Gαi-Mud) is also recruited to the apical cortex, 
through Insc. The two apical complexes then direct fate determinants, such as Numb 
and Mira, to the basal side of the neuroblast, and orient the mitotic spindle along the 
apical-basal axis. (Adapted from Jan and Jan, 2000; Prehoda, 2009). 
 
An apically localized protein complex, known as the Par complex, is critical 
for apical-basal polarity and provides positional information for asymmetric 
distribution of fate determinants and orientation of the mitotic spindle. This Par 
complex, composing of Bazooka (Baz/Par-3), Partioning defective 6 (Par-6), and 
Atypical protein kinase C (aPKC), is involved in essentially all cell polarity events, 




missegregation of cell fate determinants (Schober et al., 1999; Petronczki and 




Figure 5. Domain structure of the Par complex proteins. PB1 (Phox Bem1 
domain); CRIB (Cdc42, Rac interactive binding); PDZ (PSD-95, Dlg, and ZO-1); PS 
(pseudosubstrate); CRD (cysteine-rich domain); NTD (amino-terminal domain); AID 
(aPKC interaction domain). Arrows denote domain interactions that assemble the 
complex. (Adapted from Prehoda, 2009). 
 
The most upstream component in the Par polarity pathway is Baz. In baz 
mutant, neither Par-6 nor aPKC is localized to the apical cortex, whereas Baz 
maintains its apical localization in par-6 or aPKC mutants (Rolls et al., 2003). Baz is 
a large scaffolding protein containing three PDZ domains, and it interacts with the 
kinase domain of aPKC through a conserved region (Izumi et al., 1998). The 
association between Baz and aPKC is highly dynamic and depends on aPKC 




Like Baz, Par-6 is a PDZ domain protein. It also contains an N-terminal PB1 
domain, through which it interacts with a similar domain on aPKC (Noda et al., 2003; 
Hirano et al., 2005). Par-6 can also bind to Cell division control protein 42 (Cdc42), a 
small GTPase that is critical for Par-6 localization to the cell cortex, through its CRIB 
domain (Atwood et al., 2007). The interaction of Par-6 and aPKC potently represses 
aPKC’s kinase activity, but this repression can be partially relieved by the presence of 
Cdc42 (Atwood et al., 2007). 
Once activated, aPKC acts as the effector of the Par complex, by 
phosphorylating and driving target proteins off the apical cortex. A key substrate of 
aPKC is Lethal (2) giant larvae (Lgl). Phosphorylation of Lgl by aPKC induces an 
intramolecular interaction that inactivates Lgl (Betschinger et al., 2005). While Lgl 
was previously thought to be a cortical targeting factor for Miranda (Mira) 
(Betschinger et al., 2003; Erben et al., 2008), emerging evidence reveals that it mainly 
functions to regulate the substrate specificity of aPKC (Wirtz-Peitz et al., 2008).   
1.3.2 Asymmetric localization of fate determinants 
The first asymmetrically segregating fate determinant to be discovered was 
Numb (Rhyu et al., 1994). In the SOP lineage, Numb functions to inhibit Notch and 
prevent signal transduction in the cell it gets segregated into, ensuring correct 
specification of cell fate (Frise et al., 1996). On the other hand, Numb acts as an 
inhibitor of self-renewal in the larval neuroblast lineage, as single neuroblast clones 
mutant for numb exhibit excessive proliferation at the expense of differentiation 




Other proteins that play a role in the specification of asymmetric cell fates 
include Prospero (Pros) and Brain tumour (Brat) (Doe et al., 1991; Bello et al., 2006). 
Pros is a homeodomain transcription factor that gets imported into the nucleus of 
ganglion mother cell, where it represses genes required for self renewal as well as 
activates genes for terminal differentiation (Choksi et al., 2006). The translational 
repressor Brat is the most recently identified fate determinant, and like Pros, it 
inhibits neuroblast self-renewal and promotes neuronal differentiation (Sonoda and 
Wharton, 2001; Lee et al., 2006c). However, Brat likely achieves this through the 
regulation of microRNAs (Schwamborn et al., 2009). 
Asymmetric localization of these various fate determinants is facilitated by a 
set of proteins referred to as adaptors. Pros and Brat are not able to directly associate 
with the cortex, so their localization requires the cortically associated coiled-coil 
domain protein Mira (Ikeshima-Kataoka et al., 1997; Schuldt et al., 1998; Lee et al., 
2006c). In mitotic neuroblasts, Mira sequesters and directs Pros and Brat to the basal 
cortex. Upon cytokinesis, Mira undergoes degradation to release its cargoes from the 
cortex of the newborn ganglion mother cell (Fuerstenberg et al., 1998). By contrast, 
Numb does not require additional factors for cortical association (Knoblich et al., 
1997), although its interaction with Partner of Numb (Pon) allows for more efficient 
targeting (Lu et al., 1998). In the absence of Pon, Numb is not properly localized at 
metaphase, but becomes correctly targeted to the basal cortex by anaphase and 
telophase (Lu et al., 1998). 
Both Numb and Mira (through its cargo proteins) specify differentiation and 




inherited by only the ganglion mother cell. Recent work has found Numb to be a 
direct substrate of aPKC and that its phosphorylation by the kinase contributes to its 
asymmetric localization in SOP cells (Smith et al., 2007); however, at the moment, 
there is no direct evidence demonstrating that phosphorylation of Numb by aPKC is 
also responsible for displacing Numb from the apical cortex in neuroblasts.  On the 
other hand, it has been shown in neuroblasts that phosphorylation of Mira by aPKC is 
necessary and sufficient for exclusion of Mira from the cortex (Atwood and Prehoda, 
2009), challenging an earlier model involving actomyosin-dependent cortical 
transport of segregating fate determinants (Barros et al., 2003; Petritsch et al., 2003; 
Erben et al., 2008). 
The activation of aPKC and consequent asymmetric localization of fate 
determinants are tightly linked to the cell cycle (Figure 6). At interphase, aPKC is 
recruited to the apical cortex, possibly through Par-6 and Cdc42 (Atwood et al., 2007). 
The presence of Cdc42 provides partial relief for Par-6’s repression on aPKC kinase 
activity, which suggests a possible mechanism for coupling apical localization of 
aPKC to its activation (Prehoda, 2009). Upon entry into mitosis, Par-6 is 
phosphorylated by Aurora A (AurA), causing Par-6 to dissociate from aPKC and 
further triggering the activation of aPKC (Wirtz-Peitz et al., 2008). Activated aPKC 
then phosphorylates Lgl, releasing Lgl from the complex and allowing Baz to enter  
(Wirtz-Peitz et al., 2008). Baz acts as a bridge between aPKC and Numb, initiating 
the phosphorylation of Numb by aPKC (Wirtz-Peitz et al., 2008).  Phosphorylated 
Numb is then released into the cytoplasm. Since aPKC is restricted to the apical 




activity and localized phosphorylation are responsible for the asymmetric localization 
of Mira (Atwood and Prehoda, 2009).  
 
 
Figure 6. Asymmetric localization of Numb. (A) Upon entry into mitosis, AurA 
phosphorylates Par-6, relieving its inhibition on aPKC. aPKC undergoes 
autophosphorylation and becomes activated. Phosphorylation of Lgl by aPKC 
releases Lgl from the complex, thereby allowing Baz to enter. Baz alters aPKC 
substrate specificity towards Numb, which is hence phosphorylated and excluded 
from the cortical domain occupied by aPKC. (B) Schematic diagram depicting 
localization of aPKC (red), Lgl (blue), and Numb (yellow) in the cell during mitosis. 
(Adapted from Knoblich, 2010). 
 
While a great deal of attention has been placed on studying how protein 
kinases can mediate the asymmetric localization of cell fate determinants, it was only 
recently that the role of protein phosphatases in this process is beginning to be 




PP4 are also required to maintain proper asymmetric cell divisions (Chabu and Doe, 
2009; Ogawa et al., 2009; Sousa-Nunes et al., 2009; Wang et al., 2009a). Both PP2A 
and PP4 function as heterotrimeric complexes, comprising of a catalytic subunit, a 
scaffolding subunit, and a regulatory subunit. The catalytic subunit of PP2A, 
Microtubule star (Mts), works together with the regulatory subunit, Twins, to regulate 
the asymmetric localization of both apical and basal proteins (Chabu and Doe 2009; 
Wang, Chang et al. 2009). In addition, Mts has been shown to reverse the 
phosphorylation events catalyzed by AurA (Ogawa et al., 2009). On the other hand, 
PP4, acting together with its regulatory subunit, Falafel, is responsible for Mira 
cortical targeting during mitosis (Sousa-Nunes et al., 2009). 
1.3.3 Orienting the mitotic spindle 
To ensure proper segregation of fate determinants into one of the daughter 
cells, it is not sufficient to have asymmetric localization of these factors. The mitotic 
spindle must also be properly oriented along the apical-basal cell polarity axis. The 
critical link between factors that establish cortical polarity and those that control 
spindle orientation is the protein Inscuteable (Insc). Insc integrates the two signaling 
complexes by connecting Baz and Partner of Inscuteable (Pins) (Kraut et al., 1996; 
Schober et al., 1999; Yu et al., 2000). At the same time, Pins interacts with 
heterotrimeric G-protein subunit Gαi through its GoLoco domains and the 
microtubule and dynein-binding protein Mushroom body defect (Mud) through its 
TPR domain to form a tripartite protein complex (Schaefer et al., 2001; Bowman et 




Though the major players involved in spindle orientation and positioning 
have been identified, the precise mechanism by which the Pins complex aligns the 
spindle with the apical and basal cortical domains remains unknown. A model that 
awaits testing involves Mud’s recruitment of dynein-dynactin complex and 
Lissencephaly type 1 (Lis1) to the apical side, which in turn provides an anchoring 
site for astral microtubulues to pull in one of the spindle poles (Siller and Doe, 2008; 
Siller and Doe, 2009).  
In the event an apical component goes missing, fate determinants become 
mislocalized during prophase and metaphase. However, a microtubule-dependent 
pathway will act during anaphase and telophase to ensure the asymmetric localization 
of fate determinants (Cai et al., 2001), so that cell fate specification can occur 
normally. This compensatory mechanism, known as “telophase rescue”, involves the 
motor protein kinesin Khc-73 and Pins-binding partner Discs Large (Dlg) (Siegrist 
and Doe, 2005). Khc-73, which is transported on astral microtubules, recruits Dlg. 
Dlg then brings in Pins-Gαi-Mud complex, resulting in the clustering of fate 
determinants over one spindle pole. The new polarity axis is therefore aligned with 
the mitotic spindle, but not necessarily with the apical-basal axis. Similarly, when 
spindle orientation becomes randomized, like in mud mutant (Lechler and Fuchs, 
2005), the mitotic spindle can also use this mechanism to reorient the cortical polarity 
and rescue the asymmetric segregation of fate determinants.    
1.3.4 Specifying daughter cell sizes 
Besides having different fates, the two daughter cells are also unequal in size. 




such that the apical half becomes longer than the basal half, to divide into a larger 
apical neuroblast and a smaller basal ganglion mother cell (Kaltschmidt et al., 2000; 
Fuse et al., 2003). This process is found to be mediated redundantly by the Par and 
Pins complexes, as spindle displacement and asymmetry only became disrupted when 
members of both complexes were simultaneously mutated (Izumi et al., 2004; Yu et 
al., 2005). The generation of daughter cells of distinct size is probably important for 
keeping the volume of the neuroblast large enough for repeated divisions without cell 
growth (Wodarz, 2005).  
Additionally, recent findings suggest a spindle-independent pathway that 
regulates daughter cell sizes. At the onset of anaphase, the cleavage furrow proteins 
Anillin, Pavarotti and myosin are directed to the basal side of the neuroblast by the 
apical Pins complex, resulting in a basal displacement of the cleavage furrow  
(Cabernard et al., 2010). This asymmetric positioning of the furrow will eventually 
produce a larger apical daughter cell and a smaller basal daughter cell at the end of 
cytokinesis.   
1.4 Molecular conservation of asymmetric cell division 
To what extent are results from Drosophila relevant for mammalian biology? 
Many of the key molecules involved in regulating asymmetric cell division are 
evolutionarily conserved from Drosophila to mammals. For instance, mPar-3, the 
mammalian homologue of Baz, is found to be asymmetrically distributed in dividing 
radial glial progenitors of the embryonic neocortex, and either removal or ectopic 
expression of mPar-3 prevents asymmetric cell division and promotes symmetric cell 




in a loss of cell polarity in the neuroepithelium and the consequent disruption to 
asymmetric cell division brings about increased proliferation and also the formation 
of rosette-like structures that resemble primitive neuroectodermal tumours 
(Klezovitch et al., 2004).   
Despite the strong molecular conservation of asymmetric cell division 
between Drosophila and mammals, it is currently unclear if the underlying 
mechanisms of how cells achieve asymmetric divisions are also conserved. There are 
however striking similarities in the principles used to regulate neural stem cell self-
renewal and differentiation between the fruit fly and mammals (discussed in Doe, 
2008; Brand and Livesey, 2011). For example, asymmetric centrosome inheritance 
has been documented to play a crucial role in the generation of asymmetric cell fate 
in both neuroblasts and radial glial progenitors (Wang et al., 2009b; Januschke et al., 
2011). In another example, Notch signaling is used by neuroblasts and radial glial 
progenitors alike to control cell fates (Patten et al., 2003; Wang et al., 2007).  As such, 
knowledge gained from Drosophila neural precursors will provide valuable insights 
into the processes of mammalian neurogenesis.  
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2 MATERIALS AND METHODS 
2.1 Chemicals and reagents 
All chemicals and reagents were obtained from Sigma-Aldrich unless 
otherwise stated. DNA-modifying enzymes and restriction enzymes were purchased 
from NEB or Roche and used as recommended by the manufacturers. cDNA clones 
were obtained from the Drosophila Genomics Resource Center at Indiana University. 
2.2 Molecular biology 
2.2.1 Molecular cloning 
General recombinant DNA methods were performed essentially as described 
by Sambrook and Russell (2001). Polymerase chain reaction (PCR) was carried out 
using Expand High Fidelity PCR system (Roche). Restriction enzyme digests were 
performed by using an appropriate buffer supplied by the manufacturers. 
Dephosphorylation of digested vector was carried out by Antarctic Phosphatase. T4 
DNA ligase was used for the ligation of DNA fragments. DNA sequencing was 
performed with automatic PCR-based Big-Dye sequencing method. 
2.2.2 Bacterial host strains and growth conditions 
The E. coli strain DH5α (Gibco) was used throughout this study for all 
cloning procedures. For the expression of GST- or His-tagged proteins, the E. coli 
strain BL21 CodonPlus (Agilent Technologies) was used.  
E. coli was either cultured in Luria-Bertani (LB) broth (1 % (w/v) bacto-
tryptone, 0.5 % (w/v) yeast extract, and 1 % (w/v) NaCl, pH 7.0) or maintained on 
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LB agar (LB containing 1.5 % (w/v) bacto-agar) at 37 ˚C overnight. When 
recombinant plasmid-containing cells were grown, the media was supplemented with 
100 µg/mL ampicillin and/or 340 µg/mL chloramphenicol (depending on the 
antibiotic resistance gene present in the vector backbone). 
2.2.3 Plasmid construction 
cDNA sequences were amplified by PCR for (94 ˚C 30 sec, 60 ˚C 30 sec, 
72˚C 1 min/kb, 30 cycles).  PCR products were separated by agarose gel 
electrophoresis and visualized with ethidium bromide. DNA was recovered using 
QIAquick gel extraction kit according to manufacturer’s instructions (Qiagen), except 
DNA was eluted in 30-50 µL of nuclease free water. Purified PCR products were 
cloned using the pGEM-T Easy Vector system (Promega) and the cloning vector was 
digested with appropriate enzymes (37 ˚C 2 hrs) and purified using QIAquick PCR 
purification kit (Qiagen). The destination vector (expression vectors with GST- or 
His-tags or UASt-based vectors containing a Gal4-responsive promoter) was cut with 
the same enzymes (37 ˚C 2 hrs) and treated with Antarctic Phosphatase (37 ˚C 1 hr). 
The phosphatase was heat-inactivated (65 ˚C 5 min). 50 ng of vector was combined 
with a 3-fold molar excess of insert, along with 2x Quick Ligation Buffer and 2000 U 
of Quick T4 DNA ligase (NEB), and the reaction was allowed to proceed for more 
than 5 minutes at room temperature (25 ˚C). 
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2.2.4 Transformation of E. coli cells 
Preparation of competent cells for heat-shock transformation:  
A single colony of E.coli cells was inoculated into 5 mL of LB broth and 
grown overnight with shaking at 37 ˚C. 2 mL of this starter culture was put into 200 
mL of LB broth and cells were shaken vigorously at 37 ˚C until OD600 reached 0.4 
(approximately 1.5-2 hrs). Cells were cooled on ice and harvested in pre-chilled 50 
mL Falcon tubes by centrifugation at 6,000 rpm for 3 minutes at 4 ˚C. Cell pellet was 
gently resuspended in 20 mL ice-cold 0.1 M CaCl2 and incubated on ice for more 
than 2 hrs. Cells were centrifuged as before. Cell pellet was gently resuspended in a 
volume of ice-cold 0.1 M CaCl2 and 15 % (v/v) glycerol equivalent to one-tenth of 
original culture volume (20 mL). Aliquots of 100 µL were snap-frozen in liquid 
nitrogen and stored at -80 ˚C. 
Heat-shock transformation: 
Competent cells were thawed on ice, and an appropriate amount of DNA (8 
µL of ligation mix or 0.5-1 µL of plasmid DNA) was added. Cells were kept on ice 
for 30 minutes and heat-shocked at 42 ˚C for 45 sec. Immediately after heat-shock, 
cells were returned on ice for 2 min. Cells were then shaken in 500 µL to 1 mL of 
pre-warmed LB broth for 1 hr at 37 ˚C. Cells were briefly spun down and 
resuspended in 100 µL of LB broth before plating on LB agar containing the 
appropriate antibiotic.  
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2.2.5 Isolation of plasmid DNA 
Small scale preparation of plasmid DNA from bacterial cultures (1-3 mL) 
was carried out using AxyPrep Plasmid Miniprep Kit (Axygen) according to 
manufacturer’s instructions. Large scale preparation of plasmid DNA from bacterial 
cultures (100 mL) was performed with Qiagen Plasmid Plus Midi Kit using 
QIAGEN-tip 100 (Qiagen) as per manufacturer’s protocol. Both procedures are based 
on alkaline lysis of bacterial cells followed by adsorption of DNA onto silica surface 
in the presence of high salt. 
2.2.6 Isolation of genomic DNA  
25 flies were frozen in -80 ˚C for 5 min and homogenized in 250 µL of 
Buffer A (0.1 M Tris-HCl, pH 9.0, 0.1 M EDTA, and 1 % (w/v) SDS). Lysate was 
incubated at 70 ˚C for 30 min. 35 µL of 8 M KAc was added and mixed by shaking. 
Mixture was incubated on ice for 30 min and centrifuged for 15 min at 13,000 rpm. 
Supernatant was transferred to a new tube and an equal volume (ca. 250 µL) of 
phenol-chloroform was added. Mixture was centrifuged for 5 min at 13,000 rpm. 
Supernatant was extracted once more with phenol-chloroform. 150 µL of isopropanol 
was mixed with the supernatant and centrifuged for 5 min at 10,000 rpm. Supernatant 
was aspirated and remaining pellet was washed with 1 mL of 70 % (v/v) ethanol. 
Ethanol was removed by centrifugation and pellet was air-dried for 10 min before 
resuspension in 100 µL of nuclease free water. 
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2.2.7 Synthesis of double stranded RNA 
A DNA fragment, containing the coding sequence for nora, was amplified 
by PCR. PCR primers contain a T7 RNA polymerase binding site at the 5’ end to 
generate both sense and antisense (mRNA-complementary) RNA products (Table 1). 
Double stranded RNA (dsRNA) was synthesized using purified PCR product as the 
template with the MEGAscript T7 kit (Ambion), according to manufacturer’s 
protocol. Synthesized RNA was purified by phenol/chloroform extraction and ethanol 
precipitated.   
Table 1. Primers used for generating nora dsRNA 
Name Sequence (5’ to 3’) 
nora_dsRNA F *AGCGAGAGCAACGAAAATGTTCGC 
nora_dsRNA R *CCCAAGCTATATCCTGCCAACGAC 
 
* T7 promoter sequence 5’-TAATACGACTCACTATAGGG-3’precedes both 
forward (F) and reverse (R) primers.  
 
2.2.8 Nuclear tagging of aPKC 
A nuclear localization sequence (NLS) of the large T antigen of SV40 (5’- 
GATCCAAAAAAGAAGAGAAAGGTA-3’) (Kalderon et al., 1984) was introduced 
in front of mCherry (developed in Roger Tsien’s lab) by PCR (Table 2). The DNA 
fragment encoding NLS-mCherry was directionally cloned into pUAST via BglII and 
NotI sites to generate pUAST-NLS::mCherry for expression in flies. Full-length 
aPKC was amplified by PCR (Table 3) and subcloned into pUAST-NLS::mCherry 
using NotI and KpnI sites.  
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Table 2. Primers used for generating NLS-mCherry cassette 






A Drosophila Kozak sequence (underlined) was added in front of NLS-mCherry to 
improve expression. NLS-mCherry will be subsequently tethered to aPKC by a 
flexible G4S linker (italics). 
 
Table 3. Primers used for amplifying full-length aPKC 
Name Sequence (5’ to 3’) 
NotI_aPKC F AAGCGGCCGCATGCAGAAAATGCCCTCGCAAATT 
KpnI_aPKC R AAGGTACCTCAGACGCAATCCTCCAGAGACAT 
 
2.2.9 Site-directed mutagenesis 
aPKC mutants with single mutation (aPKC K293W or T422E or T574E) or 
double mutations (T422E and T574E) were created using QuikChange Multi Site-
Directed Mutagenesis Kit (Stratagene). Mutagenic primers were used to convert 
lysine residue to a non-phosphorylatable tryptophan residue or to substitute tyrosine 
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Table 4. Mutagenic primers used for site-directed mutagenesis of aPKC 






2.3.1 Buffers and solutions 
Name Recipe 
Lysis buffer (for tandem 
affinity purification) 
50 mM Tris-HCl, pH 8.0, 125 mM NaCl, 5 % (v/v) 
glycerol, 0.4 % (v/v) Nonidet P-40, 1 mM EDTA, 25 mM 
NaF, and 1 mM Na3VO4. 1 mM PMSF added fresh before 
use. 
IPP150 buffer 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1 % (v/v) 
Nonidet P-40 
TEV cleavage buffer 10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1 % (v/v) 
Nonidet P-40, and 0.5 mM EDTA. 1 mM DTT added 
fresh before use. 
Calmodulin binding 
buffer (0.1 %) 
10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM MgAc, 1 
mM imidazole, 2 mM CaCl2, and 0.1 % (v/v) Nonidet P-
40. 10 mM (v/v) β-mercaptoethanol added before use. 
Calmodulin binding 
buffer (0.02 %) 
10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM MgAc, 1 
mM imidazole, 2 mM CaCl2, and 0.02 % (v/v) Nonidet P-
40. 10 mM (v/v) β-mercaptoethanol added before use. 
Calmodulin rinsing 
buffer  
10 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM MgAc, 1 
mM imidazole, and 2 mM CaCl2. 1 mM (v/v) β-
mercaptoethanol added before use. 
Calmodulin elution 
buffer 
50 mM NH4HCO3 and 25 mM EGTA 
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Lysis buffer (for 
immunoprecipitation) 
25 mM Tris-HCl, pH 8.0, 27.5 mM NaCl, 20 mM KCl, 25 
mM sucrose, 10 mM EDTA, 10 mM EGTA, 10 % (v/v) 
glycerol, and 0.5 % (v/v) Nonidet P-40. 1 mM DTT added 
fresh before use. 
4x SDS sample buffer 200 mM Tris-HCl, pH 6.8, 8 % (w/v) SDS, 40 % (v/v) 
glycerol, and 0.4 % (v/v) bromophenol blue. 5% (v/v) β-




250 mM Tris-HCl, 1.92 M glycine, and 1 % (w/v) SDS, 
pH 8.3 
1x Transfer buffer  1x SDS-PAGE running electrophoresis buffer and 15 % 
(v/v) methanol 
10x PBS 1.37 M NaCl, 27 mM KCl, 43 mM Na2HPO4, and 14 mM 
KH2PO4, pH 7.4 
PBS-T 1x PBS and 0.1 % (v/v) Triton-X100 
Blocking solution 5 % (w/v) BSA in PBS-T 
GST lysis buffer PBS with 1 % (v/v) Triton-X100 and additional 150 mM 
NaCl 
His lysis buffer 50 mM Tris, pH 8.0, 300 mM NaCl, 1 % (v/v) Triton-
X100, and 5 mM imidazole 
His high-salt wash buffer 50 mM Tris, pH 8.0, 300 mM NaCl, and 20 mM 
imidazole 
His low-salt wash buffer 50 mM Tris, pH 8.0, 100 mM NaCl, and 20 mM 
imidazole 
His elution buffer 50 mM Tris, pH 8.0 and 250 mM imidazole 
Polysome lysis buffer 100 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.0, 
0.5 % (v/v) Nonidet P-40, 1 mM DTT, 100 U ml−1 
RNasin RNase inhibitor (Promega), and 2 mM vanadyl 
ribonucleoside complexes solution 
Lysis buffer (Western 
analysis) 
50 mM Tris, pH 8.0, 150 mM NaCl, and 0.5 % (v/v) 
Nonidet P-40 
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2.3.2 Tandem affinity purification 
Tandem affinity purification (TAP)-tagged aPKC (aPKC-CTAP) was 
engineered by PCR from an aPKC cDNA clone followed by subcloning into pUAST-
CTAP vector, which allows for expression in flies. Transgenic fly lines (pUAST-
aPKC::CTAP and pUAST-CTAP as control) were generated by standard methods. 
aPKC-CTAP was expressed in embryos under the control of the pan-neural driver 
sca-Gal4. 0-12 hrs embryos were collected in population cages, dechorionated with 
bleach, washed with PBS-T and snap-frozen in liquid nitrogen.  
Embryos were homogenized on ice in a detergent-based lysis buffer using a 
mortar and pestle. After incubating on a mixer for 30 min at 4 ˚C, the embryonic 
extract was cleared by two rounds of centrifugation at 13,000 rpm for 15 min. TAP of 
embryonic extract was performed as described in Veraksa et al. (2005), with minor 
modifications. All binding and elution steps were performed in 0.8 x 4 cm Poly-Prep 
columns (Bio-Rad). 200 µL of washed IgG Sepharose beads (GE Healthcare) was 
added to the cleared extracts and rotated for 2 hrs at 4 ˚C.  Unbound material was 
eluted by gravity flow and the beads were washed three times with 10 mL of IPP150 
buffer and once with 10 mL of TEV cleavage buffer. TAP-tagged aPKC and its 
interacting proteins were eluted from the column by TEV cleavage using 100 U of 
AcTEV Protease (Invitrogen) in 1 mL of TEV cleavage buffer. The beads were 
rotated for 2 hrs at room temperature and the eluate was recovered by gravity flow 
and transferred to a new column. The beads were rinsed with an additional milliliter 
of TEV cleavage buffer to recover all cleaved products. 200 µL of washed 
calmodulin beads (Stratagene) was added to the eluate, along with 6 mL of 
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calmodulin binding buffer (0.1 %) and 6 µL of 1 M CaCl2, and rotated for 2 hrs at 4 
˚C. The beads were washed two times with 1 mL of calmodulin binding buffer (0.1 %) 
and once with 1 mL of calmodulin binding buffer (0.02 %). As detergent interferes 
with mass spectrometric analysis, beads were washed five more times with 
calmodulin rinsing buffer. Bound proteins were eluted using 5x1 mL of freshly 
prepared calmodulin elution buffer and concentrated using Microcon Centrifugal 
Filter Unit (Millipore).  
One-quarter of the concentrated sample was loaded onto SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and visualized using SilverQuest 
Silver Staining kit (Invitrogen). The remaining purified protein complex sample was 
sent to the Nanyang Technological University Proteomic Core Facility for liquid 
chromatography mass spectrometry (MS). 
2.3.3 Mass spectrometry data analysis 
MS spectra data were analyzed using Mascot software (Matrix Science). 
Mascot compares results of the experimental analysis with a prediction of protein 
fragments deriving from a tryptic digest of protein sequences from the primary 
database and reports a probability-based ion score for each peptide match. This score 
provides a measure of the statistical significance of a particular spectra-peptide match. 
In this study, peptides with a minimum ion score of 42 indicate identifications with an 
error of less than 5% (p < 0.05). Mascot then assigns peptide matches to protein hits, 
and individual ion scores are combined and reported as a cumulative protein score 
(Mascot score). Peptide assignments were kept only when individual ion scores were 
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above 20 for this study. A higher Mascot score indicates a more confident assignment 
of peptide(s) to a given protein hit.      
2.3.4 Production of anti-Nora polyclonal antibody 
A cDNA fragment of nora, corresponding to the C-terminal region, was 
cloned into pGEX-4T1 vector (GE Healthcare) for expression in E. coli by standard 
method. The Glutathione S-transferase (GST) fusion protein was expressed in BL21 
CodonPlus cells by IPTG induction and purified with glutathione sepharose 4B beads 
(GE Healthcare) as per manufacturer’s protocol (see section 2.3.6). The recombinant 
protein was then eluted from the sepharose beads using PBS with 0.1 % (w/v) SDS 
and concentrated using Amicon Centrifugal Filter Unit (Millipore). 5 mg of fusion 
protein (1 mg/mL in concentration) was sent to Genemed Synthesis Inc. for 
immunization of New Zealand White Rabbits. The amount of immunogen used for 
each immunization is 0.5 mg per rabbit. The immunogen was diluted to 1 mL with 
sterile saline and combined with 1 mL of appropriate adjuvant (Complete Freund’s 
Adjuvant initially, followed by incomplete Freund’s Adjuvant for subsequent 
injections). The antigen and adjuvant were mixed thoroughly to form a stable 
emulsion before being injected subcutaneously. Anti-sera collected from the 4th boost 
were affinity purified and used to stain wild-type larval brain for endogenous protein 
expression and nora mutant to check for antibody specificity. 
2.3.5 Immunoprecipitation 
Using larval brain extracts: Brains were dissected from third instar y w larvae, 
snap-frozen in liquid nitrogen before being homogenized in ice-cold lysis buffer 
supplemented with 1 mM PMSF and PhosSTOP phosphatase and Complete protease 
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inhibitors (Roche). Lysate was cleared by centrifugation at 13,000 rpm for 20 min at 
4 ˚C. Clarified lysates were divided equally into two tubes and incubated with either 5 
µL of pre-immune rabbit anti-serum (as control) or 5 µL of anti-Nora antibody for 
overnight at 4 ˚C. Following immunoprecipitation, 50 µL of Protein A agarose bead 
slurry (50 %, v/v) (Roche) was added and incubated for 2 hrs at 4 ˚C. Beads were 
collected by gentle centrifugation and washed three times with lysis buffer 
supplemented with PhosSTOP phosphatase and Complete protease inhibitors (Roche). 
For analysis of bound proteins, beads were boiled in SDS sample buffer, separated by 
SDS-PAGE, transferred onto PVDF membrane and probed for Nora and aPKC.  
2.3.6 In vitro binding assay 
GST-tagged full-length (FL, residues 1-606), N-terminally truncated (∆N, 
residues 180-606), or C-terminally truncated (N, residues 1-179) aPKC were 
generated by subcloning into pGEX-4T1 vector (GE Healthcare), while polyhistidine 
(His)-tagged full-length Nora was constructed by subcloning into pET32H vector 
(modified from pET32, Novagen). Expression of the GST- or His-fusion proteins was 
induced by adding 1 mM IPTG to cultures when the OD600 reached 0.6. The cultures 
were grown for overnight at 18 ˚C with shaking. Cells were collected by 
centrifugation at 6,000 rpm for 10 min at 4 ˚C 
For GST purification: Pellet was resuspended in cold GST lysis buffer 
supplemented with Complete protease inhibitors (Roche). Cell suspension was 
sonicated (30% output, 5 pulses of 10 sec each, with 1 min rest between each pulse) 
and the lysate was centrifuged at 19,000 rpm for 30 min at 4 ˚C to remove insoluble 
proteins and cell debris. The supernatant was transferred to a 50 mL Falcon tube and 
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1 mL of glutathione sepharose 4B (GE Healthcare) was added per 400 mL of culture. 
Mixture was rotated on a spiral mixer for 2 hrs at 4 ˚C. The beads were collected by 
centrifugation at 2,000 rpm for 2 min at 4 ˚C and washed five times with GST lysis 
buffer. GST-fusion proteins were eluted using 5x1 mL reduced glutathione solution 
(10 mM glutathione in 50 mM Tris, pH 8.0) and concentrated using Amicon 
Centrifugal Filter Unit (Millipore). 2 µL of concentrated samples was loaded onto 
SDS-PAGE and visualized using InstantBlue Coomassie stain (Gentaur). Bovine 
serum albumin (BSA) was used as a concentration standard. 
For His purification: Pellet was resuspended in cold His lysis buffer 
supplemented with EDTA-free Complete protease inhibitors (Roche). Cell suspension 
was sonicated (30% output, 5 pulses of 10 sec each, with 1 min rest between each 
pulse) and the lysate was centrifuged at 19,000 rpm for 30 min at 4 ˚C to remove 
insoluble proteins and cell debris. The supernatant was transferred to a 50 mL Falcon 
tube and 1 mL of Ni-NTA agarose (Qiagen) was added per 400 mL of culture. 
Mixture was rotated on a spiral mixer for 2 hrs at 4 ˚C. The beads were collected by 
centrifugation at 2,000 rpm for 2 min at 4 ˚C and washed three times with His high-
salt wash buffer, followed by two washes with His low-salt wash buffer. The His-
tagged protein was eluted using 5x1 mL His elution buffer and concentrated using 
Amicon Centrifugal Filter Unit (Millipore). 2 µL of concentrated samples was loaded 
onto SDS-PAGE and visualized using InstantBlue Coomassie stain (Gentaur). BSA 
was used as a concentration standard. 
20 µg of GST alone or GST-fusion proteins was incubated with 20 µg of 
His-Nora in 0.5 mL of GST lysis buffer supplemented with Complete protease 
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inhibitors (Roche) for 4 hrs at 4 ˚C. 15 µL of glutathione sepharose 4B (GE 
Healthcare) was added and mixture was rotated on a spiral mixer for 2 hrs at 4 ˚C. 
The beads were collected by centrifugation at 2,000 rpm for 2 min at 4 ˚C and washed 
five times with GST lysis buffer. Interactions were tested by eluting proteins in SDS 
sample buffer, followed by SDS-PAGE and western blotting.  
2.3.7 Immunoprecipitation of mRNA-protein complexes 
Brains were dissected from third instar y w larvae, snap-frozen in liquid 
nitrogen before being homogenized in ice-cold polysome lysis buffer supplemented 
with 1 mM PMSF and PhosSTOP phosphatase and Complete protease inhibitors 
(Roche). Lysate was cleared by centrifugation at 13,000 rpm for 20 min at 4 ˚C. 
Clarified lysate was divided equally into two tubes and incubated with either 5 µL of 
pre-immune rabbit anti-serum or 5 µL of anti-Nora antibody for overnight at 4 ˚C. 
Following immunoprecipitation, 50 µL of Protein A agarose bead slurry (50 %, v/v) 
(Roche) was added and incubated for 2 hrs at 4 ˚C. Beads were collected by gentle 
centrifugation and washed three times with polysome lysis buffer, followed by three 
washes with polysome lysis buffer including 1 M urea. Beads were treated with 0.1 % 
(w/v) SDS and proteinase K in polysome lysis buffer to remove bound proteins, 
followed by phenol-chloroform extraction and ethanol precipitation of total RNA 
present in the mRNA-protein complexes. mRNAs were reverse transcribed using 
Superscript III (Invitrogen) with an oligo(dT) primer according to manufacturer’s 
instructions. PCR was performed using Expand High Fidelity PCR System (Roche), 
with PCR primers designed to flank an intron (Table 5). 
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Table 5. Primers used for reverse transcription PCR 
Name Sequence (5’ to 3’) 
mts_exon 1 F GATCTTGATCAATGGATTGAGCAG 
mts_exon 2-3 R CGAAATATCCTGGCCAAAGGTGTA 
 
2.3.8 Quantitative real time RT-PCR 
Brains were dissected from wandering third instar y w or nora larvae, snap-
frozen in liquid nitrogen before being homogenized in Trizol (Invitrogen). Total RNA 
was isolated according to manufacturer’s protocol. The RNA was subsequently 
treated with DNase I for 30 min at 37 ˚C and purified using RNeasy Mini Kit 
(Qiagen). The concentration and purity of RNA isolated was then assessed using a 
Nanodrop spectrophotometer (NanoDrop Technologies).  
Quantitative real time reverse transcription (RT)-PCR was performed using 
the QuantiTect SYBR Green RT-PCR Kit (Qiagen) and LightCycler 1.5 (Roche). For 
each reaction, 40 ng of total RNA was used. The real time RT-PCR conditions were 
30 min at 50 ˚C, 15 min at 95 ˚C, followed by a 3-step cycling of 15 sec at 94 ˚C, 20 
sec at 55 ˚C, and 30 sec at 72 ˚C for 40 cycles. Data were acquired during the 
extension step. The expression levels of Ribosomal protein 49 (Rp49) were used for 
normalization. A total of three samples were analyzed for each genotype.  
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Table 6. Primers used for quantitative real time RT-PCR 
Name Sequence (5’ to 3’) 
mts F CGCCAAACTATTGCTACCG 
mts R GTGCTGGATCAAATTGTAGGAA
rp49 F GCTAAGCTGTCGCACAAA 
rp49 R TCCGGTGGGCAGCATGTG 
 
2.3.9 Western analysis 
Tissues or cells were snap-frozen in liquid nitrogen and homogenized in ice-
cold lysis buffer supplemented with 1 mM PMSF, and PhosSTOP phosphatase and 
Complete protease inhibitors (Roche). Total protein concentration was quantitated by 
Bradford Assay (Bio-Rad). 30-50 µg of lysates was mixed with SDS sample buffer 
and boiled for 10 min. The samples were loaded onto 8-10 % SDS-PAGE gels and 
electrophoresis was carried out at constant voltage (80 V for first 20 min and 
continued at 100-120 V until the dye front had neared the bottom of the gel) on a 
minigel apparatus (Bio-Rad). Proteins were transferred onto Immobilon PVDF 
membrane (Millipore) by semi-dry method using the Trans-Blot Electrophoretic 
Transfer Cell (Bio-Rad). Transfer was carried out at a constant voltage of 20 V for 40 
min. Membrane was incubated in blocking solution with rocking, for at least 30 min 
at room temperature. It was then incubated in primary antibody diluted in blocking 
solution with rocking, for overnight at 4 ˚C. The membrane was washed three times 
with PBS-T, before incubation with a suitable secondary antibody coupled to HRP 
diluted in blocking solution with rocking, for 1-2 hrs at room temperature. Membrane 
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was washed with PBS-T for 4x5 min. Protein bands were detected using SuperSignal 
West Pico Chemiluminescence kit (Pierce). Images were scanned and analyzed with 
ImageJ software (NIH). 
2.3.10 Antibodies used 
Antibodies used for immunoprecipitation and Western analysis include 
rabbit anti-Nora (1:5000; generated in this study), mouse anti-β tubulin (1:5000; 
Developmental Studies Hybridoma Bank, #E7), rabbit anti-PKCζ (1:1000; Santa 
Cruz), rabbit anti-phospho-PKCζ T410 (1:1000; Santa Cruz), mouse anti-PP2Ac 
(1:5000; abcam), and mouse anti-6xHis tag antibody (1:1000; abcam). Goat anti-
rabbit HRP and goat anti-mouse HRP were used at 1:5000 and 1:10,000 dilution 
respectively (Jackson Laboratories).  
2.4 Immunohistochemistry 
2.4.1 Buffers and solutions 
10x PBS 1.37 M NaCl, 27 mM KCl, 43 mM Na2HPO4, and 14 mM 
KH2PO4, pH 7.4 
PBS-T 1x PBS and 0.1 % (v/v) Triton-X100 
Blocking solution 5 % (w/v) BSA in PBS-T 
 
2.4.2 Fixing and staining of Drosophila larval brains 
Larval brains were fixed for 15 min in 3.7 % (v/v) formaldehyde in PBS at 
room temperature. Brains were washed three times with PBS-T and incubated in 
blocking solution with rotation for at least 30 min at room temperature. After 
blocking, brains were incubated in primary antibody diluted in blocking solution with 
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rotation, for overnight at 4 ˚C. Brains were washed three times with PBS-T as before, 
before incubation with a suitable fluorescent labeled secondary antibody with rotation 
for 2 hrs at room temperature. Brains were washed three times with PBS-T. TO-
PRO3 iodide (1:5000-8000) was added in the last wash. Brains were mounted in 
Vectashield (Vector Laboratories). Images were obtained using a Zeiss LSM510 
confocal microscope and processed with Adobe Photoshop.  
2.4.3 Neuroblast quantification and brain orientation 
Quantifications of larval central brain neuroblast numbers were done on 
brains dissected from age matched late (wandering) third instar larvae (96-120 hrs 
and 168-192 hrs after larval hatching (ALH) at 25 °C for wild-type y w and nora 
mutant respectively). For each genotype, 6-hrs embryo collections were obtained 
from a bottle with 100-200 flies. Embryos were allowed to develop for 20 hrs at 
25 °C before hatching. Thereafter, larvae were aged and dissected. Brains were 
stained with anti-Dpn antibody and mounted dorsal side up.  
2.4.4 Antibodies used  
Antibodies used for immunostaining include rabbit anti-Nora (1:5000; 
generated in this study), mouse anti-PKC (1:1000; abcam), rabbit anti-PKCζ (1:1000; 
Santa Cruz), rabbit anti-Baz (1:1000; A. Wodarz), mouse anti-Mira (1:50; F. 
Matsuzaki), guinea pig anti-Numb (1:1000; J. Skeath), rabbit anti-phospho-PKCζ 
T410 (1:1000; Santa Cruz), guinea pig anti-Dpn (1:1000; J. Skeath), rabbit anti-GFP 
(1:1000; Molecular Probes, Invitrogen), and rabbit anti-Ase (1:1000; Y. Cai). 
Secondary antibodies conjugated to either Cy3 or FITC (Jackson Laboratories) were 
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used at 1:200 and 1:1000 dilution respectively. DNA stain was TO-PRO3 iodide 
(Molecular Probes, Invitrogen).  
2.5 Fly genetics 
2.5.1 Fly stocks  
Fly stocks were maintained at 25 °C on standard cornmeal agar medium. 
Larvae and pupae were obtained from 6-hrs egg collections to minimize 
developmental effects. The wild-type fly stock was yellow white (y w). Description of 
balancer chromosomes and markers can be found in Flybase (The Fly Consortium) 
(http://flybase.bio.indiana.edu/).  
P{GT1}CG8963BG00665 and a deficiency chromosome removing nora, 
Df(2R)BSC359, were obtained from Bloomington Drosophila Stock Center (Indiana 
University). Transgenic RNAi lines came either from the National Institute of 
Genetics Fly Stock Center (NIG-Fly; Japan) or the Vienna Drosophila RNAi Center 
(VDRC; Austria). The following fly stocks were also used in this study: wor-Gal4; 
sca-Gal4;UAS-Dicer2; UAS-aPKC::CTAP; UAS-aPKCWT (J. Knoblich, Institute of 
Molecular Biotechonology, Austria); UAS-aPKC∆N (J. Knoblich); UAS-NLS-
mCherry::aPKC; aPKCk06403 (C. Doe, University of Oregon, USA). Two recombinant 
chromosomes were constructed: nora68, aPKCk06403 and FRTG13,nora68.  
2.5.2 Generation of a nora mutant by P-element mobilization 
A P-element P{GT1}CG8963BG00665, carrying the dominant w+ eye color 
marker, inserted about 0.5 kilobases (kb) upstream of nora translational start site was 
mobilized using P{ry+∆2-3}(99B) as the transposase source. Briefly, flies 
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(Bloomington Drosophila Stock Center stock number 12432) carrying the P-element 
insertion were crossed with Sp/CyO; ∆2-3,Sb/TM6,Ubx flies to obtain male progeny 
with GT1/CyO; ∆2-3,Sb/+ genotype. These flies, in whose germ line the P-element 
was mobilized, were identified by their mosaic eyes. Single males were crossed to y w; 
Gla/CyO females. Offspring (F2) that did not carry the transposase source were 
screened for males with white eyes, indicative of loss of the w+ marker caused by 
excision of the P-element. Individual putative excision males were crossed to y w; 
Gla/CyO,GFP females to establish balanced lines. About 300 F2 flies were scored for 
white eyes and lines were established from 272 independent putative excision flies, 
56 of which were homozygous viable. Lethal lines were subjected to genomic PCR 
using primer pairs that spanned the nora locus to screen for imprecise excision events 
(deletion only affecting nora). nora68 was identified as a null allele, for which the first 
1264 base pairs (bp) of the coding region was removed.  
2.5.3 Germ line transformation 
 
Full-length cDNAs were verified by sequencing and cloned into pUAST-
based vectors (Brand and Perrimon, 1993) for germ line transformation. Transgenic 
flies were created using ԄC31 site-specific integrase and transgenes were integrated 
into VK31: (3L)62E1 docking site (GenetiVision, Houston, TX, USA).  
2.5.4 MARCM clone generation 
Mosaic analysis with a repressible cell marker (MARCM) is a genetic 
technique used in Drosophila to label single cells or multiple cells sharing a single 
progenitor (Lee and Luo, 2001). To generate positively marked MARCM wild-type 
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or nora clones, FRTG13 or FRTG13,nora68/CyO,GFP were mated to elav-GAL4,hs-
FLP;FRTG13,tubP-GAL80;UAS-nLACZ,UAS-mCD8::GFP. Egg laying was allowed 
to proceed for 6 hrs and heat-shock induction of FLP in the newly hatched larvae was 
performed by immersing vials in 37˚C water bath for 1 hr at 28-32 hrs after egg 
laying. Larvae were kept at 25˚C and dissected at wandering third instar larval stage.   
2.6 Cell culture 
2.6.1 Maintenance of Drosophila Schneider 2 cells 
Drosophila Schneider 2 (S2) cells were maintained in Schneider’s 
Drosophila medium (Gibco), supplemented with 5 % (v/v) fetal bovine serum (FBS) 
(JRH biosciences), 5 % (v/v) bovine calf serum (BCS) (JRH biosciences), 2 mM L-
glutamine (Gibco), 100 U/mL penicillin and 100 ng/mL streptomycin (Gibco), and 
incubated at 27 ˚C with no additional CO2 supplementation. Using a confluent flask, 
cells were sub-cultured by removing all floating cells and spent medium. Remaining 
loosely attached cells were gently resuspended by pipetting using fresh medium. 
2.6.2 dsRNA treatment 
S2 cells (1x106/mL) in serum-free medium (Gibco) were plated in six-well 
cell culture dish (Nunc). dsRNA was added directly to the media at a final 
concentration of 30 µg/mL followed by vigorous agitation. Cells were incubated for 
30 min at room temperature followed by addition of 2 ml of Schneider’s Drosophila 
medium containing 5 % (v/v) each of FBS and BCS. The cells were cultured at 27 ˚C 
for four days to allow turnover of the target protein.  
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2.7 Statistical analyses 
Data were analyzed with two-tailed Student’s t-test on GraphPad Prism 
(GraphPad Software, Inc.). P-values less than 0.05 were considered statistically 







Drosophila neural stem cells, or neuroblasts, undergo asymmetric cell 
division to give rise to a self-renewing neuroblast and a differentiating ganglion 
mother cell. The process of asymmetric cell division generally involves three steps: 
first, the establishment of a cell polarity axis, followed by asymmetric localization of 
cell fate determinants and alignment of the mitotic spindle with the polarity axis, and 
finally, the unequal segregation of cell fate determinants into one of the two daughter 
cells (reviewed in Knoblich, 2008; Prehoda, 2009; Knoblich, 2010). Central to this 
process is an evolutionarily conserved protein complex, comprising aPKC, Par-6, and 
Baz/Par-3. New findings have emerged to indicate that aPKC is responsible for 
localized phosphorylation events that bring about cortical exclusion of cell fate 
determinants from the apical side of neuroblasts, facilitating their ultimate 
partitioning into the ganglion mother cell (Smith et al., 2007; Atwood and Prehoda, 
2009).  
aPKC is generally thought to be recruited to the apical cortex of neuroblasts 
through Par-6 and Cdc42 (Atwood et al., 2007). Upon entering mitosis, AurA 
phosphorylates Par-6, abolishing its inhibitory association with aPKC (Wirtz-Peitz et 
al., 2008). This leads to aPKC activation and consequent phosphorylation of Lgl 
(Wirtz-Peitz et al., 2008). Lgl is released from the aPKC-Par-6 complex, and in its 
place enters Baz (Wirtz-Peitz et al., 2008). Baz, which binds both aPKC and Numb, 




only in the presence of Baz, and not Lgl, that aPKC can phosphorylate Numb and 
inhibit its association to the plasma membrane (Wirtz-Peitz et al., 2008). Similarly, 
aPKC-mediated phosphorylation directs the basal cortical localization of Mira, the 
adaptor protein of differentiating factors Pros and Brat (Atwood and Prehoda, 2009). 
Numb, Pros and Brat are subsequently inherited by the ganglion mother cell, and act 
together to prevent self-renewal and to induce cell cycle exit and differentiation.  
Work by several groups has shown that the disruption of aPKC-mediated 
cortical polarity can lead to aberrant neuroblast self-renewal and can trigger the 
formation of ectopic neuroblasts (Rolls et al., 2003; Lee et al., 2006a; Lee et al., 
2006b). This is exemplified by a large expansion of the neuroblast population when 
aPKC is overexpessed and mislocalized to the basal cortex.  
Given the importance of aPKC in neuroblast cell polarity and self-renewal, 
several studies have been directed at investigating how aPKC localization and/or 
activity are regulated. This led to the identification of several new factors involved in 
neuroblast polarity, including PP2A and Dynamin-associated protein 160 (Dap160) 
(Chabu and Doe, 2008; Chabu and Doe, 2009). However, the polarity phenotypes 
observed in these mutants are not fully penetrant, indicating the presence of 
additional regulators of aPKC.  
In this study, we sought to identify novel regulators of aPKC by a proteomic 
approach. Through tandem affinity purification coupled to mass spectrometry, we 
identified a previously uncharacterized protein, which we named Nora, as a potential 




aPKC in vivo, and that the two proteins are also found to interact directly in vitro. In 
addition, we observed co-expression of Nora and aPKC in neuroblasts, which 
suggests Nora can interact with and regulate aPKC in these cells. Indeed, we establish 
that Nora is required for proper localization and activity of aPKC, and that it 
promotes the basal localization of cell fate determinant adaptor protein Miranda in an 
aPKC-dependent manner. 
3.2 Analysis of aPKC-Par-6 complex using tandem affinity purification coupled 
to mass spectrometry 
The analysis of developmental processes has traditionally relied on genetic 
approaches in model systems such as Drosophila and zebrafish. In recent years, 
however, the advancement of protein purification and identification techniques offers 
an additional, supplementary platform for the discovery of pathways and interaction 
networks. Indeed, a proteomic approach comprising tandem affinity purification 
(TAP) of protein complexes and protein sequencing by mass spectrometry (MS) has 
proven to be very useful in the identification of protein-protein interactions and 
signaling networks in various organisms, including Drosophila (Brajenovic et al., 
2004; Veraksa et al., 2005).   
Here, we employed TAP-MS to study the aPKC-Par-6 complex, which plays 
a central role in orchestrating asymmetric divisions in the developing nervous system 
of Drosophila. The procedure can be subdivided into the following steps: introduction 
of a TAP tag for protein purification, acquisition of sufficient starting material, 
isolation of protein complexes by TAP, identification of interacting partners by MS, 




The TAP tag we used is a double affinity module composed of a calmodulin 
binding peptide and two Protein A IgG-binding domains, separated by a TEV 
protease cleavage site. The use of such a tag allowed us to efficiently purify protein 
complexes from crude extracts under native conditions.  
3.2.1 Generation of flies expressing TAP-tagged aPKC 
Full-length aPKC was tagged at the carboxy terminus, to make aPKC-CTAP 
(Figure 7A). We created transgenic lines bearing aPKC-CTAP, and employed the 
Gal4-UAS system and sca-Gal4 to drive pan-neuronal expression of aPKC-CTAP in 
embryos. Immunoblot analysis of embryonic extracts confirmed physiological 




Figure 7. Overexpression of TAP-tagged aPKC in embryos. (A) Full-length aPKC 
was tagged to two IgG-binding Protein A modules (ProtA), TEV protease cleavage 
site (TEV), and calmodulin binding peptide (CBP). (B) Immunoblot analysis of 
embryonic extracts from flies expressing aPKC-CTAP by sca-Gal4 (and control: 
wild-type yw), using aPKC antibody, confirms overexpression of the construct. The 





3.2.2 Tandem affinity purification and mass spectrometric analysis 
Protein complexes containing aPKC were isolated from embryos, which can 
be easily collected in large quantities, using TAP. A fraction of the purified proteins 
was loaded for SDS-PAGE and visualized by silver staining (Figure 8), while the 
remaining eluate was directly sent for liquid chromatography (LC)-MS analysis. 
Alternatively, individual protein bands of interest can be excised from the gel, 
digested in-gel and subjected to MS analysis. We have chosen the gel-free MS protein 
identification approach (LC-MS), as this method has been purported to be more 
successful in identifying lower-abundance co-purifying proteins (Butland et al., 2005; 
Krogan et al., 2006). We repeated the experiment.  
Acquired MS data were searched against a Drosophila sequence database 
using Mascot software from Matrix Science. We initially accepted a protein hit only 
if at least two unique peptides are matched to that particular protein or the ion score 
of one peptide match is greater than the threshold value for positive identification. 
However, the number of peptide-protein assignments that met this criterion was 
limited, so we decided to include all protein hits for subsequent functional analysis.  
A similar number of proteins (29 and 30) were obtained from replicate analyses. 
Additionally, we noticed a relatively large overlap in the list of proteins from the two 
independent runs (~41%), indicating good reproducibility in TAP-MS identification.  
From our analysis, we identified several proteins that have not been 
previously reported to interact with aPKC, along with known aPKC-interacting 





Figure 8. Purified proteins visualized by silver staining. Protein complexes 
associated with CTAP and aPKC-CTAP were isolated by tandem affinity purification, 
separated by SDS-PAGE and visualized by silver staining. Molecular weight marker 




Table 7. List of proteins identified by mass spectrometry co-purifying with 
aPKC-CTAP. 
 
Atypical protein kinase C is the bait. Lethal(2)giant larvae and Par-6 are two known 
interactors of aPKC. Individual ion scores for each peptide match were combined and 
reported as a cumulative protein score (Mascot score). UAS-RNAi flies available are 
listed in the last column. 
RNAi Stock ID
Sample 1 Sample 2 (NIG-FLY)
gi|7688|emb|CAA68327.1|  unnamed protein product 1698 2154
 gi|9885776|gb|AAG01528.1|AF288482_1  atypical protein kinase C 803 599
 gi|157819|gb|AAA28671.1|  lethal(2)giant larvae protein p127 615 744
 gi|4322034|gb|AAD15927.1|  PAR-6 305 321
 gi|7291730|gb|AAF47152.1|  CG3195-PC, isoform C 243 319
 gi|7915|emb|CAA29993.1|  EF-1-alpha 202 128 1873R-4
 gi|54645426|gb|EAL34165.1|  GA15420-PA 155 194
 gi|54639641|gb|EAL29043.1|  GA18066-PA 153
 gi|3757828|emb|CAA67720.1|  heat shock protein 60 131 38
 gi|157656|gb|AAA28625.1|  heat shock protein cognate 70 81 98
 gi|841262|gb|AAB07806.1|  failed axon connections protein 83 4609R-1
 gi|8480|emb|CAA28672.1|  r-protein 77
 gi|15292545|gb|AAK93541.1|  SD06613p 72
 gi|1519715|gb|AAB07594.1|  lactate dehydrogenase 59 54 10160R-1
 gi|157178|gb|AAA51459.1|  calmodulin-dependent protein kinase 51 18069R-1
 gi|10728547|gb|AAF46503.2|  CG2998-PA 51 53
 gi|5702206|gb|AAD47201.1|AF132885_1  delta-A kinase anchor protein 200 38 46
 gi|21064027|gb|AAM29243.1|  AT11515p 42 15287R-1
 gi|8845|emb|CAA28451.1|  yolk polypeptide 3 37
 gi|113987|sp|P19889.1|RLA0_DROME  60S acidic ribosomal protein P0 36
 gi|551090|gb|AAA50238.1|  DNA-binding protein 36
 gi|17861468|gb|AAL39211.1|  GH08269p 34
 gi|54638621|gb|EAL28023.1|  GA13280-PA 30
 gi|10727994|gb|AAF50068.2|  CG7560-PA 30 35 7560R-1
 gi|7302843|gb|AAF57917.1|  CG8963-PA, isoform A 28 8963R-1
 gi|7301886|gb|AAF56994.1|  CG7928-PA 33
 gi|7290972|gb|AAF46411.1|  CG1789-PA 32
 gi|113194760|gb|AAF54291.2|  CG11776-PA 32
 gi|54639278|gb|EAL28680.1|  GA14657-PA 26
 gi|89243314|gb|ABD64824.1|  Dvir_CG6995 25
 gi|54638267|gb|EAL27669.1|  GA16105-PA 25 32
 gi|21428974|gb|AAM50206.1|  CG32597 32 11595R-3
 gi|11934959|gb|AAG41905.1|AF285759_1 d-spinophilin, core domains 31 16757R-2
 gi|1905851|gb|AAB50147.1|  gag protein 30
 gi|157182|gb|AAA28446.1| defective chorion-1 fc125 protein precur 24
 gi|68051607|gb|AAY85067.1|  IP04554p 29
 gi|20152007|gb|AAM11363.1|  LD26392p 28
 gi|54635993|gb|EAL25396.1|  GA11891-PA 23
 gi|6708482|gb|AAF25955.1|AF216752_1  BOK 26 12397R-2






3.2.3 Secondary RNA interference screen  
To narrow down our list of candidates to one, we performed a secondary 
RNA interference (RNAi) screen. The creation of genome-wide transgenic RNAi 
libraries targeting Drosophila protein-coding genes provides us an efficient way to 
decipher gene functions of the candidates in vivo in a tissue-specific manner (Dietzl et 
al., 2007). We examined the effects of knockdown on SOP lineages, as external 
sensory organs can be screened readily for aberrations in their invariant pattern. 
Furthermore, SOPs and neuroblasts share many components of the asymmetric 
localization machinery, including the Par and Pins/Gαi complexes, and the two types 
of neural progenitors also use similar mechanisms to generate asymmetric cell fates 
(Bardin et al., 2004; Betschinger and Knoblich, 2004). 
Hairpin constructs in the RNAi lines were expressed under sca-Gal4 control 
and we simultaneously included an UAS-dicer2 transgene (Lee et al., 2004; Kim et al., 
2006)  in these experiments to enhance the knockdown effect.  
RNAi lines targeting 10 of the candidates were available from NIG-Fly 
(Table 7). External sensory organ phenotypes can be classified into ‘gain of bristles’, 
‘loss of bristles’, ‘hair cell duplication’, ‘empty or multiple sockets’, and ‘bristle 
morphology defects’ (Figure 9). Gene knockdown of three resulted in visible external 
sensory organ phenotypes: loss of bristles for lactate dehydrogenase/CG10160; hair 






Figure 9. Typical examples of external sensory organ phenotypic categories. sca-
Gal4; UAS-dicer2 served as the control. 
 
To account for potential off-target effects of RNAi, we obtained second 
RNAi lines, from VDRC, targeting a different region of these candidate genes. We 
observed an identical phenotype for CG8963 (Figure 10) and this encouraged us to 





Figure 10. CG8963 RNAi bristle phenotype. RNAi targeting of CG8963 by sca-
Gal4 resulted in both bristle loss (asterisks) and duplication (arrowhead). sca-Gal4; 
UAS-dicer2 served as the control. 
 
As we will demonstrate later, CG8963 is a novel regulator of aPKC; we have 
thus named this protein Nora.  
3.3 Generation of a nora mutant 
CG8963 / nora (Flybase ID FBgn0034181) is located on chromosome arm 
2R at cytological position 53E4, with a sequence location of 2R:12903851..12907057. 
nora has a predicted coding region of 1680 bp, which translates into a 559 amino 
acid-long polypeptide. A MIF4G domain, named after middle domain of eukaryotic 
initiation factor 4G (eIF4G), is located near the C-terminal end of Nora protein 
(Hunter et al., 2009). 
We generated nora mutants by imprecise excision of the P-element 
P{GT1}CG8963BG00665, located approximately 0.5 kb upstream of the nora 




lethality. Molecular analysis indicates that it is a deletion extending into the coding 
region, deleting the first 1264 bp of the coding sequence; in addition, an 8.5 kb P-
element fragment was left behind. The nora68 allele was confirmed to be a genetic 
null by the similar expressivities of neuroblast phenotypes in nora68 homozygotes and 
nora68/Df(2R)BSC359 trans-heterozygotes. Subsequent analyses of phenotype were 




Figure 11. Generation of a nora-null allele by imprecise excision of P-element 
P{GT1}CG8963BG00665. Schematic representation of nora locus and depiction of 
molecular lesion in nora68 allele. (UTR) Untranslated region; (cds) coding sequence. 
The P-element P{GT1}CG8963BG00665 is located in the 5’ UTR of nora. nora68 
removes 1264 bp of the coding sequence and also leaves behind an 8.5 kb P-element 
fragment. The duplicated region of Dp (2:3) CH322-122C19 is shown as a red line. 
 
The introduction of a genomic fragment CH322-122C19 (Figure 11), which 




lethality associated with nora, lending further support that the mutation we have is 
indeed a nora allele. 
3.4 Nora and aPKC are part of the same protein complex 
Through TAP of aPKC-containing protein complexes followed by mass 
spectrometric analysis, we have identified Nora as a novel interactor of aPKC. Before 
proceeding with further experiments, we wanted to first verify that the interaction of 
Nora with aPKC also exists in vivo. We therefore carried out immunoprecipitation (IP) 
experiments on larval brain lysates, using an affinity-purified polyclonal antibody 
raised against a Nora GST-fusion protein, which recognizes a major band at 
approximately 70 kDa in wild-type larval lysate but not in nora mutant lysate (Figure 
12). 
 
Figure 12. Characterization of Nora antibody. Nora antibody detects a major band 
at approximately 70 kDa and a minor band slightly less than 70 kDa in wild-type 
lysates (predicted molecular weight of Nora: 63.2 kDa). These bands are absent in 





We found that aPKC was co-immunoprecipitated with the anti-Nora 
antibody, but not with pre-immune serum, demonstrating aPKC and Nora are indeed 
present in the same protein complex (Figure 13).  
 
Figure 13. Nora and aPKC are part of the same protein complex. 
Immunoprecipitation (IP) from larval brain lysate using a Nora antibody or control 
pre-immune anti-serum (IgG) and immunoblotted for Nora and aPKC shows that 
Nora interacts with aPKC in vivo. 
 
3.5 Nora directly interacts with aPKC 
We have shown that Nora and aPKC are part of a protein complex in vivo. 
We next tested whether Nora directly interacts with aPKC, using an in vitro binding 
assay. GST-fusion construct encoding full-length aPKC (GST-aPKC FL) and poly-
histidine (6xHis) tagged full-length Nora (His-Nora) were expressed and purified. We 
incubated His-Nora with GST-aPKC FL and found that Nora binds aPKC, but not 




To investigate whether the PB1 domain of aPKC, which also binds to Par-6, 
is responsible for this direct interaction between Nora and aPKC, we applied the same 
pull-down strategy using GST-fusion constructs encoding N- or C-terminally 
truncated aPKC (GST-aPKC ∆N and GST-aPKC N respectively). While Nora fails to 
bind to aPKC∆N that lacks the Par-6-binding domain at the N-terminus, the first 179 
amino acids-N terminus of aPKC is required and sufficient for binding to Nora 
(Figure 14). Hence, we conclude that Nora directly interacts with aPKC through 






Figure 14. Nora directly interacts with aPKC through its N-terminus. Upper 
panel: Schematic representation of aPKC constructs used (red, no binding; black, 
binding). N, N-terminus; ∆N, N-terminally truncated; FL, full-length. Lower panel: In 
vitro binding experiments. GST and GST-aPKC N, ∆N, or FL bound to glutathione-
agarose beads were incubated with purified 6xHis-tagged Nora. His-Nora in input and 
precipitates were detected by immunoblot with anti-His antibody. Input of GST and 
GST-aPKC fusions, marked by asterisks, was assessed by Coomassie Blue staining.   
 
3.6 Nora and aPKC are co-expressed in larval neuroblasts 
To determine if Nora has the potential to interact with aPKC in neuroblasts, 




Central brain neuroblasts (the focus of this study) were distinguished from optic lobe 
neuroblasts based on their medial location in the brain, larger size, and dispersed 
pattern. Staining with a DNA marker TO-PRO3 iodide revealed the cell cycle phase a 
neuroblast was in. 
In wild-type neuroblasts, Nora is cytoplasmic at interphase and throughout 
mitosis (Figure 15E-H). Similarly, aPKC is cytoplasmic at interphase (Figure 15A). 
However, after neuroblasts enter mitosis, aPKC becomes enriched at the apical cortex 
and forms a typical tight crescent by metaphase (Figure 15B,C). In addition, in 
contrast to the exclusive segregation of aPKC to the future neuroblast (Figure 15D), 
Nora is localized to both daughter cells at telophase (Figure 15H). Nevertheless, Nora 
and aPKC are co-localized at interphase in larval neuroblasts, suggesting that Nora 
has the ability to interact with, and regulate, aPKC in these cells. Furthermore, the 
anti-Nora antibody we used did not produce any obvious staining in nora mutant 
brain, confirming specificity of the antibody (Figure 15I). We therefore conclude that 
Nora and aPKC are co-expressed in neuroblasts, and that Nora can possibly interact 






Figure 15. Nora and aPKC are co-expressed in 
larval neuroblasts. (A-I) Neuroblasts co-stained for 
aPKC (A-D) and Nora (E-I); merged images below. 
Interphase and the various phases of mitosis are 
shown. Genotypes and cell cycle stages are labeled at 
top. Both aPKC (A) and Nora (E) are cytoplasmic at 
interphase. While Nora remains in the cytoplasm 
through mitosis (F-H), aPKC becomes enriched at the 
apical cortex at prophase (B) and forms a typical tight 
crescent by metaphase (C). At telophase, aPKC is 
localized exclusively to the future neuroblast (D), 
whereas Nora is found in both daughter cells (H). 
Anti-Nora antibody staining is not detected in nora 





3.7 Asymmetric localization of aPKC and Mira requires Nora function 
Next, we investigated the functional relevance of Nora and aPKC interaction 
in the context of neuroblast cortical polarity, by examining the distribution of 
asymmetrically localized proteins in nora mutants. To minimize the complications of 
maternal contribution, we decided to avoid embryonic neuroblasts entirely and only 
examined asymmetric division in larval neuroblasts, which are known to employ most 
of the machinery in embryos in an analogous manner. nora zygotic mutants died as 
early pupae,  which allowed us to analyze neuroblast cell polarity in late third instar 
larval brains. 
In addition to polarity proteins aPKC and Baz, we were interested in 
determining the localization of fate determinants Pros, Brat, and Numb. Since Mira 
colocalizes with Pros and Brat, we only present anti-Mira data here to represent Pros 
and Brat localization. 
In wild-type larval neuroblasts, aPKC is invariably localized to the apical 
cortex and is hardly detectable in the cytoplasm at metaphase (100%, n = 25; Figure 
16A). This is in contrast to nora mutant neuroblasts, which show defects in aPKC 
localization to varying degrees – while aPKC remains on the apical side at metaphase 
in the majority of neuroblasts, it often forms weak crescents with an additional 
substantial amount in the cytoplasm (17%, n = 60; Figure 16E) or is completely 
cytoplasmic (13%, n = 60; Figure 16I). 
aPKC has been shown to phosphorylate both Mira and Numb, which releases 




aPKC to asymmetrically localize in nora mutant will inevitably result in the cortical 
displacement of the two basal components. As anticipated, Mira, which is normally 
restricted to the basal cortex at metaphase (100%, n = 24; Figure 16C), becomes 
cytoplasmic (18%, n = 77, Figure 16J) or displays weak crescents with pronounced 
mislocalization throughout the cytoplasm (18%, n = 77, Figure 16G) in nora larval 
neuroblasts. 
Surprisingly, unlike Mira, the basal localization of Numb is not perturbed in 
nora mutant (100%, n = 28; Figure 16H). We ascribe this to a requirement of Baz as 
an adaptor for aPKC to phosphorylate Numb (Wirtz-Peitz et al., 2008). Only aPKC-
Par-6 complex that has recruited Baz is able to phosphorylate Numb and since Baz 
remains apically localized in nora larval neuroblasts (100%, n = 18; Figure 16F), 
phosphorylation of Numb only takes place at the apical side. As such, apical Numb is 
correctly excluded from the cortex, while basal Numb is retained on the cortex. By 
contrast, Mira is a direct substrate of aPKC and its phosphorylation by the kinase 
does not require the presence of additional adaptors like Baz (Atwood and Prehoda, 
2009). As a result, mislocalization of aPKC into the cytoplasm in nora neuroblasts 






Figure 16. Nora regulates neuroblast cortical polarity. (A-D) Wild-type 
metaphase larval neuroblasts stained for the indicated proteins (top label) have apical 
crescents of aPKC and Baz and basal crescents of Mira and Numb. (E-J) nora 
metaphase larval neuroblasts labeled as in A-D. Mutant neuroblasts show normal 
crescents of Baz and Numb, but cytoplasmic or weak crescent localization of aPKC 
and Mira. Scale bar: 5 μm. (K) Quantification of neuroblast cortical polarity 





During asymmetric division, besides setting up apical-basal cortical polarity, 
neuroblasts must align their mitotic spindle along the established axis to ensure 
accurate segregation of fate determinants into the appropriate daughter cell (reviewed 
in Siller and Doe, 2009). We therefore checked if the loss of neuroblast cortical 
polarity in nora resulted in misorientation of the spindle. Using orientation of the 
metaphase plate as readout of mitotic spindle alignment, we found that mitotic 
spindle orientation is not disrupted in nora mutant. This is consistent with the 
coupling of spindle alignment to Baz cortical polarity axis (Wodarz et al., 1999; 
Siegrist and Doe, 2005), which is unaffected in nora, by Pins and Gαi (Siegrist and 
Doe, 2005). Also, the loss of aPKC, Par-6, or basal cortical proteins has not been 
reported to have any effect on spindle orientation (Rolls et al., 2003).  
Since RNAi knockdown of nora in the notum produced cell fate 
transformations within the SOP lineage, we asked if Nora is indeed involved in SOP 
division. nora mutants do not survive to pharate adult stage for observation of 
external sensory organ cell fate transformations, so we used the FLP/FRT system 
(Theodosiou and Xu, 1998) and Ubx-Flp to induce nora mitotic clones on the notum 
to study its role in the SOP lineage. To our surprise, we failed to detect any aberration 
in the pattern of the external sensory organs in these clones (data not shown). We 
speculate this may be due to masking of the nora phenotype by perdurance of residual 





3.8 Delay in Mira crescent formation in nora mutant 
An earlier study on the dynamics of Mira localization using time-lapse 
confocal microscopy on live embryos revealed that Mira protein is predominantly 
localized to an apical crescent during interphase, but becomes ubiquitously localized 
with a strong cytoplasmic component at the onset of mitosis (Erben et al., 2008). By 
late prophase, Mira disappears from the cytoplasm and can be seen as basal cortical 
crescents (Erben et al., 2008).  
When we checked the localization of Mira in fixed wild-type larval 
neuroblasts, we saw that Mira also forms a basal crescent at prophase (100%, n = 13; 
Figure 17A). In nora mutants, however, most of the neuroblasts at prophase still show 
uniform distribution of Mira in the cytoplasm (70%, n = 23; Figure 17C), while the 
rest display either weak Mira crescents with cytoplasmic staining (17%, n = 23; 
Figure 17B) or proper Mira localization (13%, n = 23). 
Despite the severe defects in Mira localization at late prophase, by 
metaphase, Mira is concentrated at the basal side of the membrane to form a crescent 
in a large proportion of neuroblasts (Figure 17D; also see section 3.7). Hence, we 
conclude that there is a delay in Mira crescent formation, but at the end of the cell 
division, we expect the majority of Mira protein to be segregated predominantly to 









Figure 17. Mira localization is delayed in neuroblasts of nora mutants. (A-C) 
Mira localization at late prophase (indicated by condensed DNA) in wild-type (A) 
and nora (B-C) neuroblasts. Scale bar: 5 μm. (D) Quantification of Mira localization 
at prophase (pro) and metaphase (meta). Number of neuroblasts scored is shown as 





3.9 Nora promotes basal localization of Mira in both Type I and Type II 
neuroblasts 
Through clonal analysis, several groups have identified two distinct types of 
neuroblasts within wild-type brains (Bello et al., 2008; Boone and Doe, 2008; 
Bowman et al., 2008). Type I neuroblasts, which make up more than 90% of the 
neuroblasts in the central brain, divide asymmetrically to self-renew a daughter 
neuroblast and to generate a ganglion mother cell that undergoes terminal division to 
produce two differentiated neurons. By contrast, Type II neuroblasts divide 
asymmetrically to self-renew and to generate intermediate neural progenitors. These 
intermediate neural progenitors then divide asymmetrically to regenerate and to 
produce ganglion mother cells, eventually giving rise to many differentiated neurons. 
While both Type I and Type II neuroblasts express the transcription factor Deadpan 
(Dpn), Asense (Ase) is specific to Type I neuroblasts and is thus frequently used to 
distinguish Type I and Type II neuroblasts. 
Recent work also revealed that Type I and Type II neuroblasts sometimes 
respond differently to mutations (Bowman et al., 2008; Ouyang et al., 2011). Hence, 
we carried out a neuroblast-type specific analysis to determine if the cortical polarity 
defects observed in nora mutant is type-dependent. In contrast to the formation of 
strong Mira basal crescents in wild-type Ase-positive and Ase-negative neuroblasts at 
metaphase (Figure 18A-D), basal localization of Mira is disrupted in both types of 
neuroblasts in nora larval brain (Figure 18E-H). As such, Nora is likely required for 







Figure 18. Nora promotes basal localization of Mira in both Type I and Type II 
neuroblasts. (A-H) Larval neuroblasts co-stained for Type I neuroblast marker Ase 
and cortical polarity marker Mira. Genotypes and neuroblast-types are labeled at side. 
Wild-type Type I (A) and Type II (C) neuroblasts have basal Mira (B and D 
respectively), while nora Type I (E) and Type II (G) neuroblasts show 





3.10 Nora regulates aPKC kinase activity 
The strict apical localization of aPKC is critical for proper localization of the 
basal protein Mira. On the other hand, inactivation or over-activation of aPKC is also 
expected to result in the disruption of membrane polarity. We therefore checked if the 
kinase activity of aPKC is altered in nora mutant, by probing the level of 
phosphorylated aPKC (p-aPKC), which serves as a direct indicator of kinase 
activation (Hirai and Chida, 2003). Whereas total aPKC level remains unchanged, p-
aPKC level is increased in nora larval brain (Figure 19). This suggests a possible role 
of Nora in the suppression of over-activation of aPKC.  
 
Figure 19. Increase in aPKC kinase activity in nora mutant. Phosphorylation (or 
activation) of aPKC, indicated by p-aPKC/aPKC ratio, is strongly increased in nora 
mutant. The increase in ratio of p-aPKC to total aPKC is 64%. β-Tubulin served as 
loading control. Quantifications of changes of protein levels are normalized by the 
loading controls in the following ratios:  WT:nora  1:1.71 (p-aPKC) and 1:1.04 
(aPKC). 
 
Phosphorylation of Mira by aPKC has been shown to result in Mira’s 
cortical displacement (Atwood and Prehoda, 2009). Nora’s proposed role as a 
negative regulator of aPKC kinase activity is therefore consistent with our 




neuroblasts. Furthermore, if the Mira mislocalization phenotype observed in nora was 
in fact due to elevated aPKC kinase activity, we expected a reduction in aPKC dosage 
to rescue the phenotype caused by removing nora. Indeed, Mira localization was 
significantly restored when one copy of aPKC was inactivated by the introduction of 
null allele aPKCk06403, indicating that the defective Mira localization is caused by 
hyperactivation of aPKC (Figure 16K). Thus, Nora promotes basal Mira localization 
by balancing the activity of aPKC in neuroblasts.  
How does Nora regulate aPKC kinase activity to facilitate asymmetric 
division? Mts, the catalytic subunit of PP2A, has been shown to act as an antagonist 
for the aPKC signaling pathway through its dephosphorylation of Par-6 (Ogawa et al., 
2009). A simple possibility is that Mts abundance is dependent on Nora and a 
decrease in level of Mts following the loss of nora subsequently leads to 
hyperactivation of aPKC. We therefore checked the abundance of Mts in nora larval 
brain. Indeed, Mts protein level is lowered in nora larval brain ( 
Figure 20A) and was similarly reduced in S2 cells after RNAi knockdown of nora ( 
Figure 20B). By contrast, we did not observe any change in protein level of Lgl ( 
Figure 20C), which directly interacts with aPKC to inhibit its activity, in nora larval 
brain. Together, these results suggest that Nora is specifically required for promoting 






Figure 20. Nora specifically promotes expression of Mts. (A-B) Mts protein level 
decreases in nora larval brain (A) and in S2 cells upon nora RNAi (B). (C) Lgl 
protein level remains unchanged in nora larval brain. β-Tubulin served as loading 
control. Quantifications of changes of protein levels are normalized by the loading 






3.11 Nora functions as a putative translational regulator of mts 
Little is known about the molecular function of Nora, except its structure is 
well suited to bind large substrates such as proteins and nucleic acids. Nora protein 
has one conserved domain – a MIF4G domain, which stands for middle domain of 
eIF4G (Figure 21A) (Hunter et al., 2009). The MIF4G domain is a structural motif 
with an armadillo repeat-type fold and is found in several proteins involved in RNA 
metabolism, including  eIF4G, Regulator of nonsense transcripts 2 (UPF2) and 
nuclear cap-binding proteins (CBPs) such as CBP80 (Hunter et al., 2009). 
Additionally, Nora is the homologue of human Polyadenylate-binding protein (PABP) 
interacting protein 1 (Paip1), which is thought to stimulate translation by directly 
interacting with PABP (Craig et al., 1998; Martineau et al., 2008). This prompted us 
to hypothesize that Nora promotes the expression of Mts in larval brain through 
activation of mts mRNA translation. To test this, we carried out RNA-protein 
immunoprecipitation (RIP) using Nora antibody to determine if Nora is associated 
with mts mRNA and may therefore play a role in regulating its expression. 
RIP can be viewed as the RNA analog of the more well-known chromatin 
immunoprecipitation (Peritz et al., 2006). RNAs associated with Nora were first 
isolated from larval brains by IP. Immunoprecipitated RNAs were then purified and 
reverse transcribed with an oligo(dT) primer. Next, we performed PCR to identify if 
mts transcript was present. Indeed, we detected mts mRNA in the RNA fraction 
associated with Nora antibody, but little, if any, in that associated with pre-immune 
serum (Figure 21B), which demonstrates that Nora and mts mRNA belong to a same 




Furthermore, when we used quantitative real time RT-PCR to determine the 
relative amount of mts mRNA (normalized to rp49) in wild-type and nora mutant 
brains, we did not see a significant change in the expression levels (P-value = 0.46; 
Figure 22). As such, the regulation of Mts protein level by Nora (see section 3.9) 
occurs at a post-transcriptional rather than transcriptional level, and this further 
supports Nora’s role as a translational regulator of mts. 
 
Figure 21. Nora specifically associates with mts mRNA. (A) Schematic 
representation of Nora protein indicating location of conserved middle domain of 
eukaryotic initiation factor 4G (MIF4G). (B) RNA immunoprecipitation coupled to 
reverse transcription PCR (RT-PCR) analysis indicates mts mRNA specifically 






Figure 22. Relative quantification of mts mRNA levels. mts mRNA levels in wild-
type and nora larval brains were determined by quantitative real time RT-PCR and 
were normalized to rp49 mRNA levels. The mRNA level of wild-type was set at 1.0 
and results were expressed as fold changes. Standard deviation was calculated from 
three biological replicates. Analysis of results using paired Student's t-test indicates 
no significant change in mts mRNA level in nora compared to wild-type; P-value = 
0.46. 
 
3.12 Loss of nora leads to an increase in larval neuroblast numbers 
As discussed earlier, in addition to establishing proper cortical polarity, aPKC 
plays an indispensible role in the maintenance of larval brain neuroblast pool size. In 
aPKC mutant, there are fewer proliferating larval brain neuroblasts (Rolls et al., 
2003), whereas the overexpression of constitutively active aPKC (aPKC∆N) resulted 
in a modest increase in larval brain neuroblast numbers (Lee et al., 2006b). Since we 
saw a hyperactivation of aPKC in nora mutant, we asked whether nora larval brains 




neuroblasts in brains of wandering third instar larvae using the neuroblast markers 
Dpn and Mira (which is also transiently present in newborn ganglion mother cells).  
Here, we found that nora larval brains are larger in size than wild-type brains 
(Figure 23A) and that the loss of nora led to a significant, albeit small, increase in 
larval neuroblast numbers (Figure 23B). While wild-type third instar larval brains 
contain 76±7 (n = 3) neuroblasts per lobe, similarly staged nora larval brains contain 
94±6 (n = 6) neuroblasts per lobe (P-value = 0.03; Figure 23C). Based on this finding, 
we conclude that Nora is required to maintain the normal number of neuroblasts in 





Figure 23. Loss of nora led to an increase in larval neuroblast numbers. (A) nora 
larval brains are larger in size compared to wild-type brains. Arrows point to brain 
lobes. (B) Wild-type and nora larval brains stained with neuroblast markers Dpn and 




Error bars represent standard deviation from the mean. P-value from unpaired 
Student’s t-test = 0.03. Number at the bottom of each bar indicates number of brains 
analyzed. Scale bars: 100 µm in (A); 50 µm in (B).   
 
As Nora is detected in several cell types other than neuroblasts within the 
larval brain (Figure 24), there is a possibility that the expansion of larval neuroblast 
numbers may be due to the loss of Nora in surrounding or multiple cell types. To 
address this, we generated wild-type or nora mitotic clones using the Mosaic 
Analysis with a Repressible Cell Marker (MARCM) system (Lee and Luo, 2001).  
 
Figure 24. Nora is expressed ubiquitously in larval brains. Wild-type larval brain 
co-stained for aPKC and Nora. Dotted line marks the border between the optic lobe 




 We induced single neuroblast clones in first instar larvae, allowed them to 
develop for 96 hours and analyzed them in late third instar larvae (see Materials and 
methods). Considering we saw an increase in the number of large (≥10 µm in 
diameter) Dpn-positive neuroblasts in nora larval brain, we focused on quantifying 
the number of such neuroblasts within each clone. Consistent with earlier reports, we 
found that both Type I and Type II wild-type neuroblast clones invariably contain a 
single large Dpn-positive neuroblast (100%, n = 3; Figure 25A-B’), with the 
occasional presence of a small Dpn-positive cell contacting the neuroblast, which is 
likely to be a newborn ganglion mother cell (Figure 25B) (Boone and Doe, 2008). 
Likewise, nora neuroblast clones always maintain one large Dpn-positive neuroblast 
(100%, n = 12; Figure 25C-D’). These results suggest that Nora may play a role 
outside neuroblast lineages to maintain neuroblast numbers and that the loss of nora 
probably led to an expansion of neuroblast numbers by effecting ganglion mother cell 
to neuroblast transformations. However, it is also possible that a cell-autonomous 
requirement for Nora in maintaining a single neuroblast per lineage may have been 
masked by perdurance of Nora protein, as we did observe residual Nora staining in 





Figure 25. Both wild-type and nora mutant clones always contain a single large 
Dpn-positive neuroblast. (A-D) Wild-type (A-B’) and nora (C-D’) MARCM clones 
labeled with  membrane-tethered GFP (CD8-GFP) and further stained with Ase and 
Dpn. Due to the three-dimensional nature of neuroblast clones, two separate optical 
sections from a Z-stack through each clone are shown. The most superficial section is 
labeled 0 μm. Dotted lines outline clones. For simplicity, only Type I (Ase-positive) 
neuroblast clones are shown here. Both wild-type and nora mutant clones contain a 




small Dpn-positive cell contacting the neuroblast (asterisk), which is likely to be a 
newborn ganglion mother cell. Scale bars: 10 μm. 
 
 
Figure 26. Residual Nora protein in nora mutant clones. (A-B) nora MARCM 
clone labeled with membrane-tethered GFP (CD8-GFP) (A) and further stained with 
Nora (B). There is a marked reduction in Nora protein level in cells within the clone 
compared to adjacent wild-type cells outside the clone; however, a small amount of 
Nora remains detectable within the clone (arrowhead). Scale bar: 10 μm. 
 
3.13 Ectopic nuclear aPKC is associated with Mira mislocalization in nora and 
aPKC∆N-overexpressing neuroblasts 
 The defects in asymmetric division of neuroblasts with nora loss of function 
resemble those seen in overexpression of constitutively active aPKC (Betschinger et 
al., 2003; Lee et al., 2006b), for which aPKC is no longer restricted to the apical 
cortex but localized to the cytoplasm (Figure 27C), and that Mira is displaced into the 
cytoplasm (Figure 27F). This provides another line of evidence that mislocalization of 
Mira into the cytoplasm is due to the hyperactivation and mislocalization of aPKC 







Figure 27. Mutation in nora produced a similar phenotype to the overexpression 
of aPKC∆N. (A-F) Larval neuroblasts co-stained for aPKC (A-C) and Mira (D-F). 
Genotypes are labeled at top. In contrast to the asymmetric localization of aPKC (A) 
and Mira (D) in wild-type neuroblasts, aPKC is mislocalized from the apical cortex in 
both nora mutant (B) and aPKC∆N-overexpressing (C) neuroblasts, while Mira is 
similarly delocalized into the cytoplasm (E and F respectively). Scale bar: 5 μm. 
 
More interestingly, we observed ectopic nuclear p-aPKC in both nora 
mutant and aPKC∆N-overexpressing neuroblasts at interphase (Figure 28B,C), which 
becomes diffused into the cytoplasm upon nuclear envelope breakdown (Figure 
29B,C). By contrast, p-aPKC is clearly absent from the nucleus of wild-type 




neuroblasts with nuclear p-aPKC show either cytoplasmic or weak crescent staining 
of Mira (n = 15), indicating there may be a direct link between the accumulation of 
ectopic nuclear p-aPKC and the mislocalization of Mira into the cytoplasm (Figure 
29B,E).  
Another piece of evidence implicating nuclear aPKC in the basal localization 
of Mira is that the delocalization of aPKC into the cytoplasm, in nora mutant and 
aPKC∆N-overexpressing neuroblasts, alone cannot account for the observed 
mislocalization of Mira. This is apparent from the contrasting Mira phenotypes that 
we observed when we overexpressed wild-type aPKC (aPKCWT) and aPKC∆N in 
larval neuroblasts using wor-Gal4. While aPKC becomes largely cytoplasmic in both 
aPKCWT- and aPKC∆N-overexpressing neuroblasts, Mira is displaced from the 
cortex only when aPKC∆N, but not aPKCWT, was overexpressed. Intriguingly, the 
only observable difference between overexpression of aPKCWT and that of aPKC∆N 
was the presence of increased ectopic aPKC in the nucleus in the latter case at 
interphase (100%, n = 10; Figure 30C).  
We can infer from the strong correlation between ectopic nuclear aPKC and 
the cortical displacement of Mira in the various mutants that aPKC may play a dual 
role in the nucleus and at the apical cortex to maintain proper localization of Mira 







Figure 28. Ectopic nuclear p-aPKC in nora mutant and aPKC∆N-overexpressing 
neuroblasts. (A-F) Interphase larval neuroblasts co-stained for p-aPKC (A-C) and 
Mira (D-F). Genotypes are labeled at top. p-aPKC accumulates in the nuclei 
(arrowheads) of both nora mutant (B) and aPKC∆N-overexpressing (C) neuroblasts, 










Figure 29. Ectopic p-aPKC in nora mutant and aPKC∆N-overexpressing 
neuroblasts. (A-F) Metaphase larval neuroblasts co-stained for p-aPKC (A-C) and 
Mira (D-F). Genotypes are labeled at top. Nuclear p-aPKC becomes diffused into the 
cytoplasm (arrowheads) in both nora mutant (B) and aPKC∆N-overexpressing (C) 







Figure 30. Increased ectopic nuclear aPKC following overexpression of aPKC∆N. 
(A-F) Interphase larval neuroblasts co-stained for aPKC (A-C) and Mira (D-F). 
Genotypes are labeled at top. There is little if any aPKC in the nucleus of wild-type 
neuroblasts (A), while there is increased ectopic nuclear aPKC (arrowhead) in 
aPKC∆N-overexpressing (C) neuroblasts compared to those overexpressing 





To further investigate whether nuclear aPKC regulates cortical polarity 
during asymmetric division, we overexpressed full-length aPKC fused to a nuclear 
localization signal (NLS-aPKC) using the neuroblast driver wor-Gal4. If the nuclear 
aPKC in nora mutant or aPKC∆N-overexpression were to have a role in the 
displacement of Mira from the cortex, we would anticipate the overexpression of 
NLS-aPKC to phenocopy the two genotypes. To our surprise, however, the majority 
of NLS-aPKC-overexpressing larval neuroblasts exhibited either extended (47%, n = 
15; Figure 31B-B’) or uniform (26.5%, n = 15; Figure 31-C’) cortical localization of 
Mira, which is similar to phenotypes seen in aPKC mutant, while the remaining 
neuroblasts maintained normal crescents at metaphase (26.5%, n = 15; Figure 31A-
A’).  
We are unsure what accounts for the discrepancy in Mira neuroblast 
phenotype, but one possibility is that the nuclear-targeted aPKC construct we used 
encodes a non-functional kinase, likely due to the insertion of the nuclear localization 
signal and/or a mCherry fluorescent tag at the N-terminus. As a result, rather than 
mimicking the function of nuclear aPKC in nora mutant or aPKC∆N-overexpression, 
overexpression of NLS-aPKC construct exerted dominant-negative effects on 
endogenous aPKC and inhibited the basal localization of Mira. Nonetheless, we 
believe the findings presented so far provide compelling reason to conduct more 








Figure 31. Overexpression of aPKC fused to a nuclear localization signal (NLS-
aPKC) affects Mira cortical polarity. (A-C) Schematic representation of Mira 
localization. Dotted line marks 50% of the neuroblast cortex. (A’-C’) Representative 
neuroblasts stained with Mira. Scale bar: 5 μm. (D) Quantification of Mira 
localization in wild-type and NLS-aPKC overexpressing neuroblasts at metaphase. 





Tremendous progress has been made in the past years towards understanding 
how cells divide asymmetrically. Using Drosophila neuroblasts as a model system, 
we have learned that the asymmetric distribution and segregation of fate determinants 
that specify either self-renewal or differentiation is responsible for establishing 
distinct fates of the daughter cells. Recent work suggests that this polarization of fate 
determinants is largely achieved by localized phosphorylation and dephosphorylation 
events (reviewed in Sousa-Nunes and Somers, 2010), and one of the major players 
involved in the process is aPKC. Findings by several groups have shown that aPKC’s 
activity and localization must be tightly regulated, to ensure the proper maintenance 
of neuroblast cell polarity and self-renewal (Wodarz et al., 2000; Rolls et al., 2003; 
Lee et al., 2006a; Lee et al., 2006b). Despite the pivotal roles aPKC plays in 
asymmetric division and cell proliferation, our understanding of how the protein is 
regulated is far from complete. Here, we show that Nora is a novel interacting partner 
of aPKC, and that it directly binds to and regulates aPKC to establish the basal 
localization of Mira during asymmetric division of neuroblasts. 
4.1 Nora regulates aPKC kinase activity 
In nora larval neuroblasts, Mira is displaced from the cortex into the 
cytoplasm at metaphase. At the same time, we saw a drastic increase in the level of 
active p-aPKC in nora larval brain. Previous work by Kenneth Prehoda’s lab has 
shown that the aPKC-mediated phosphorylation of Mira at several sites in its cortical 




(Atwood and Prehoda, 2009). These findings led us to deduce that it is the 
misregulation of aPKC kinase activity in the absence of Nora that brought about the 
mislocalization of Mira. When we introduced a copy of aPKC null allele into nora 
mutant to reduce the overall level of aPKC, there was a rescue of the Mira 
mislocalization phenotype. This confirms that Nora directs the basal localization of 
Mira by regulating aPKC kinase activity. 
 In an earlier biochemical screen by Chris Doe’s group, they identified Dap160 
as a novel aPKC/Par-6 interactor that directly binds to aPKC to stimulate its kinase 
activity (Chabu and Doe, 2008). While results from a GST-binding assay indicate that 
Nora also directly binds to aPKC in vitro, we have not tested if Nora can repress 
aPKC kinase activity through its interaction. 
 Nora, on the other hand, has been suggested by biochemical data to be 
required for the maintenance of normal levels of Mts, which is the catalytic subunit of 
PP2A, in larval brains. Ogawa et al. has elegantly shown that Mts/PP2A is required to 
counteract AurA-phosphorylation of Par-6 to negatively regulate aPKC signaling 
(Ogawa et al., 2009); if there is a decreased level of Mts, as in the case of nora 
mutant, there may be an accumulation of phosphorylated and inactive Par-6, which 
inadvertently results in the autophosphorylation and activation of aPKC. Based on 
this work, we propose that Nora prevents the overactivation of aPKC signaling by 
ensuring there is an adequate level of Mts. Additionally, our immunoprecipitation 
experiments demonstrate that Nora specifically binds to mts mRNA. Since the level 
of mts mRNA remains unchanged in nora mutant brain, Nora possibly regulates Mts 




4.2 Nora is required to maintain neuroblast pool size 
We found that nora mutant brain has a small increase in the number of 
neuroblasts. Ectopic active aPKC and a loss of basal cortical Mira have been shown 
to cause the formation of supernumerary neuroblasts (Lee et al., 2006b; Lee et al., 
2006c). The loss of Nora in larval neuroblasts resulted in both ectopic localization of 
aPKC and a displacement of Mira from the cortex, but it is likely that the primary 
defect causing supernumerary neuroblasts is ectopic aPKC, since a reduction in aPKC 
level in nora mutant rescued basal Mira localization. Arguing against this is the 
observation that nora neuroblast mutant clones maintain a single neuroblast in all 
cases examined, which suggests Nora may play a role outside neuroblast lineages to 
maintain neuroblast pool size. A cell-autonomous requirement for Nora in neuroblast 
self-renewal may, however, have been masked by an incomplete depletion of Nora 
protein, as we detected residual Nora protein in the mutant clones. 
While misexpression of a membrane-targeted form of aPKC to the basal 
cortex has been reported to result in a dramatic expansion of the neuroblast 
population, nora mutation only produced a modest increase in the number of 
neuroblasts. The reason for a small increase in neuroblast numbers is probably the 
absence of basal cortical aPKC in nora mutant neuroblasts. The requirement for basal 
cortical aPKC for dramatic supernumerary neuroblasts phenotype is evident from the 
observation of a much larger increase in neuroblast numbers when membrane-
tethered aPKC-CAAX is overexpressed than when aPKC∆N, which is predominantly 
cytoplasmic, is overexpressed under the same conditions (Lee et al., 2006b). 




and twins/PP2A, consistently show uniform cortical or ectopic basal localization of 
aPKC (Lee et al., 2006a; Wang et al., 2006; Chabu and Doe, 2009).  
Alternatively, a compensatory mechanism known as “telophase rescue” may 
explain why we only saw a small increase in neuroblast numbers in nora mutant. 
Telophase rescue occurs in many mutations that disrupt neuroblast asymmetry during 
metaphase and describes the phenomenon where majority of mislocalized fate 
determinants become asymmetrically distributed in anaphase and telophase, and are 
eventually segregated into the ganglion mother cell (Cai et al., 2001). In nora 
neuroblasts, cytoplasmic Mira at metaphase is subsequently redistributed to the basal 
cortex at telophase. 
4.3 Implication of nuclear aPKC in neuroblast cell polarity and proliferation 
As discussed in preceding chapters, the overexpression of membrane-targeted 
wild-type aPKC resulted in both the displacement of cell fate determinants as well as 
the formation of supernumerary neuroblasts. The overexpression of wild-type aPKC, 
on the contrary, has no effect on either cell polarity or proliferation, suggesting that 
aPKC exerts its effects at the cortical membrane level (Betschinger et al., 2003; Lee 
et al., 2006b). For this reason, research on neuroblast cell polarity and proliferation 
has focused on dissecting the role of membrane-bound aPKC. 
In this work, we observed in several mutants that, on top of its normal 
enrichment at the apical cortex, aPKC is ectopically found in the nucleus prior to 
nuclear envelope breakdown. The translocation and residence of aPKC in the nucleus, 




systems (Hug and Sarre, 1993; Bertolaso et al., 1998; Perander et al., 2001). 
Furthermore, increasing evidence points to a role for nuclear aPKC in biological 
processes, including cell proliferation, differentiation, neoplastic transformation, and 
apoptosis (Bertolaso et al., 1998; Dempsey et al., 2000; Musashi et al., 2000). 
In nora mutant or aPKC∆N-overexpressing neuroblasts, we found a strong 
correlation between the presence of ectopic nuclear aPKC and the mislocalization of 
Mira. Furthermore, in neuroblasts overexpressing aPKCWT, which showed 
cytoplasmic, but no nuclear aPKC, basal Mira localization was not disrupted. These 
results suggest that nuclear aPKC may have mediated, at least in part, the 
mislocalization of Mira in these cells.  
 In fact, we speculate that other than its putative role in the asymmetric 
localization of cortical proteins, nuclear aPKC could also have functioned as a 
determinant to regulate neuroblast proliferation in nora mutant. It is possible that the 
increase in brain size in nora mutant has been contributed by enhanced proliferation 
of neuroblasts, which may, in turn, have been a result of the introduction of aPKC 
into the nucleus of these progenitor cells. Consistent with this model is the 
suppression of primary neurogenesis and promotion of cell proliferation in Xenopus 
when a constitutively active aPKC fused to a nuclear localization signal was 
expressed (Sabherwal et al., 2009). Conversely, the expression of a dominant-
negative form of aPKC targeted to the nucleus enhanced primary neurogenesis. It will 
be of interest to carry out BrdU incorporation and pulse-chase experiments to 




 However, results from the expression of a nuclear targeted form of wild-type 
aPKC are inconclusive so far. Thus, we cannot be sure if nuclear aPKC is indeed 
responsible for the Mira mislocalization phenotype, or there is simply an association 
between the occurrence of nuclear aPKC and the delocalization of Mira into the 
cytoplasm. Further investigations will have to be conducted to ascertain the function 
of nuclear aPKC in neuroblast cortical polarity and cell proliferation. 
4.4 Nora-dependent apical localization and nuclear exclusion of aPKC 
 Immunostaining of larval neuroblasts reveals that Nora co-localizes with 
aPKC in the cytoplasm at interphase, suggesting that these two proteins can interact 
with each other in neuroblasts. In nora neuroblasts, aPKC is delocalized from the 
apical cortex and can be found in both the cytoplasm and the nucleus. Nora is 
therefore required for both apical localization and nuclear exclusion of aPKC 
(modeled in Figure 32).  
 How does Nora promote the apical localization of aPKC in neuroblasts? 
aPKC is known to bind with Par-6 through PB1-PB1 domain interaction (Hirano et al., 
2005). Par-6, on the other hand, interacts with GTP-activated Cdc42 via its semi-
CRIB domain (Garrard et al., 2003). An earlier study by Atwood and colleagues has 
indicated that aPKC’s localization to the apical cortex of neuroblasts relies on this 
interaction between Par-6 and Cdc42 (Atwood et al., 2007). In this work, we 
observed that nora mutation shares a similar phenotype of aPKC mislocalization in 
metaphase larval neuroblasts with cdc42 mutation. Moreover, we have shown that 
Nora directly interacts with aPKC’s N-terminal PB1 domain in vitro. These findings 




of the aPKC-Par-6-Cdc42 complex; without Nora, there may be less efficient 
recruitment of aPKC to the apical cortex via Par-6 and Cdc42, which helps to explain 
why aPKC becomes delocalized into the cytoplasm. More work will be needed to 
address the role of Nora in shaping the dynamics of the aPKC-Par-6-Cdc42 complex.  
 On the other hand, why does aPKC become ectopically localized to the 
nuclear compartment in neuroblasts of nora mutant? We speculate that aPKC’s 
interaction with Nora is necessary to prevent its translocation from the cytoplasm into 
the nucleus. Our hypothesis on the role of Nora-aPKC interaction in nuclear 
exclusion of aPKC is in agreement with the observation that an N-terminally 
truncated form of aPKC is accumulated in the nucleus: without its N-terminus, aPKC 
cannot bind to Nora and is therefore not restricted from entering the nucleus. When 
active p-aPKC translocates and resides in the nucleus in the absence of Nora, it is 
plausible that it becomes protected from cytoplasmic events, such as 
dephosphorylation, which may further explain the increase in p-aPKC level we saw in 
nora mutant brain. Additionally, we anticipate that upon nuclear envelope breakdown, 
the active aPKC will be re-distributed into the cytoplasm or cortex, where it can 





Figure 32. A working model for Nora function in neuroblast cortical polarity. In 
wild-type neuroblasts, Nora promotes recruitment of aPKC to the apical cortex via 
Par-6 and Cdc42. Mira is displaced from the apical cortex following phosphorylation 
by active aPKC. In the absence of Nora, aPKC becomes ectopically localized to the 
cytoplasm, with some translocating into the nucleus. aPKC at the basal domain 
releases Mira from the cortex, causing Mira to be delocalized into the cytoplasm. 
 
4.5 Perspectives and conclusions 
 In summary, by identifying Nora as a novel interactor and regulator of aPKC, 
our study offers new insights into the robust regulation of aPKC. Given aPKC’s role 
as a master regulator of cortical polarity, it is only logical that there are multiple 




Nora provides an additional level of control to protect against deregulated aPKC 
kinase activity, which will have adverse effects on both cell polarity and proliferation. 
Furthermore, Nora promotes the apical restriction of aPKC and, in so doing, ensures 
the polarization of aPKC activity during mitosis. Evidently, Nora, along with several 
other factors, are involved in the cooperative regulation of aPKC, and this form of 
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